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A. Problem

The overall objective of this project: -was to 1learn how
organophosphorus compounds (OPs) recruit the catalytic apparatus in the
active site of serine hydrolases. Mechanistic investigations were planned
for all four characteristic phases of enzyme-0P interactions, i.e.,
inhibition, aging, spontaneous reactivation, and nucleophilic reactivation.
The synthesis of two new inhibitors, bis-U-nicrophenyl 2-propylphosphonate
(NPN) and methyl 4Y4-nitrophenyl 2-propylphosphonate (MPN), an investigation
of the inhibition of acetylcholinesterases (AChEs) from the electric eel by
organophosphorus reagents, and a brief study of model systems for the
mechanism of aging were accomplished in the first year.! In the second
year the inhibition of serine proteases by the agents and confirmation of
the mechanism of aging were the chief targets. The inquiry into the
recruitment of the AChE acid-base catalytic apparatus has been extended to
the inhibition of AChE from human erthyrocytes and to the nature of
deacetylation of AChEs in the physiologically important reaction.
Inactivation of acetylcholinesterase (AChE) by organophosphorus reagents
and the mechanism of aging, spontaneous reactivation and nucleophilic
reactivation of inhibited AChE have been the main targets of our third year
of investigations. Specific features of the problem are detailed below.

1. The Role of Acid-base Catalysis in Inhibition

The sensitivity of the acid~base catalytic mechanism used by
hydrolytic enzymes to the structure of the inhibitor and to the inhibitor-
induced conformation changes reveals much with respect to the ability of an
inhibitor to utilize such an enzyme's acid~base catalytic mechanism. AChE
presents an especially interesting case of an evolutionarily highly
developed enzyme that has brought its catalytic (chemical) steps to such a
level of perfection that the rate-limiting process remains the encounter
between the enzyme and its natural substrate.!? Under such circumstances,
acid-base catalysis is not observable by customary mechanistic probes. Some
organophosphorus inhibitors exhibit rates of reactions with AChE that
approach those of the natural substrate, Among the serine proteases,
chymotrypsin has been studied the most extensively with organophosphate
(OP) inhibitors and seems to show similar behavior. The question is then
whether powerful inhibitors behave similarly to the natural substrate or
more like some other type of substrates with respect to the manifestation
of acid-base catalysis by hydrolases. Also, reactions of AChE and selected
serine proteases should be studied with toxicants of different potency and
in comparison with different substrates to unravel the rules for the
activation of enzyme catalytic power, particularly the use of acid-base
catalysis. The study of the acid-base catalytic apparatus is approached by
rate measurements in protium oxide (HOH), deuterium oxide (DOD), and their
mixtures—~a method called proton inventory. This approach is detailed in
Section C.

2.  The Role of Acid-Base Catalysis in Aging and Reactivation

How important protonic reorganization is in the processes of aging
and spontaneous and nucleophilic reactivation should also be studied for a
complete understanding of where AChE actually fails in catalyzing
dephosphorylation but catalyzes aging, in some cases, instead. A related
question is the site of bond breaking in the the course of aging of AChE




inhibited by OP compounds of different structures.

3. Isotope Effects Using Labeled Inhibitors

How effective a particular inhibitor might be at simulating the
natural substrate at the transition state and whether its interaction with
the enzyme involves structural alterations similar to those seen with
natural substrates are critical questions addressed by these investigations
of the molecular mechanisms of inhibition.

The extent of bond breaking, bond making, and the geometry at the
transition state for the inactivation of AChE can be assessed by the meas-
urement of a series of heavy atom and secondary deuterium isotope effects.
The same information for the apr -opriate nonenzymic reactions for the OP
compounds can provide a good basis for comparison. The results can be
analyzed in the context of mobilization of the catalytic power of the
enzyme to attain a certain structure or distortion for a degree of rate
acceleration. The geometry of the transition state for the aging reaction
can also be tested with the use of secondary isotope effects. This
information would particularly ve helpful in establishing the extent of
carbonium ion character of any of the dealkylation process.

4, Model Reactiius for Aging Reactions

The nature of bond fission in the aging process of some phospho-
nylated hydrolases has been a largely unanswered problem. A phosphonylated
hydrolase containing a labile alkoxy substituted at the central phosphorus
can undergo nucleophilic attack at the phosphorus or at the carbon. The two
processes differ in .heir pH dependence because the attack at P depends on
concentration of the basic species that enters the rate-determining step.
In the other process a rate-determining carbonium ion formation is believed
to be accompanied by an acid-catalyzed departure of the phosphonate
hemiester group. The etheral oxygen, however, is not a particularly good H-
bond acceptor in some cases and ,therefore, the ion pair mechanism
involving the base that traps the weak carbonium ion can also be a viable
route. This condition may be mimicked in methanol methoxide since attack
by path a, at phosphorus, versus attack by path b, at carbon, leads to
different sets of easily detectable products. That is, path a leads to the
alcohol along with a methoxy alkylphosphonate derivative, while pathway b
leads to the methyl ester and the phosphonic acid as shown below:

Rt——P 0
/ a ———— CH30(R'0)P(0)R" + HOR
R'O ———R
a
b b —————> HO(R'0)P(0)R" + CH4OR™
CH30
1
Scheme 1,




5. Molecular Modeling of Inactivation of Serine Proteases

Serine proteases have. shown some specificity for the structural
characteristics of phosphonate esters. With the availability of the
Brookhaven data base for the x-ray structures of some of these enzymes,
visual inspection of the likely interactions between enzyme and inhibitor
as well as molecular mechanics calculations of the interaction energies
involved can be now accomplished. Such information will be of great use in

the understanding of the driving force behind specificity for OP inhibition
of serine hydrolases.




B. Background

OPs as a class owe their toxicity®~™7 to their extraordinary ability
to activate the catalytic machinery of the target enzyme toward its own
destruction. The thesis that it is the enzyme catalytic machinery that
brings about hydrolytic rate enhancements of OPs in the order of 10'°7!7 is
supported by the fact that only enzymes are capable of such enhancements.
This activation occurs to a varying degree with different hydrolases and it
is also strongly dependent on structureal features of the inhibitors®:8,
The extent of toxicity is further related to how well the catalytic
apparatus is used in each of the three levels of enzyme operation, i.e., in
activation, aging, and reactivation. From a therapeutic point of view, the
catalytic participation in nucleophilic reactivation is also important.
What components of an enzyme's catalytic apparatus are involved in each
elementary step of the inhibition process can be inferrad from structural
models and dynamic data.

Structural features of the active sites of AChE and chymotrypsin are
shown in Figures 1 and 2, respectively. Three-dimensional structural data
are not available for AChE, but, based on the most exhaustive dynamic
investigation, the most thorough model was proposed by Rosenberry. Figure
1 presents Rosenberry's mode12P including sites involved in the induced-fit
conformational changes that are believed to accompany binding and
catalysis. All elements—-—the charge relay system (COZ"HIm"HO"); the
anionic site A”; a nearby tryptophan T, creating a cationic bridging group;
an acidic group HZ; the hydrophobic areas V; and peripheral sites P1".Pu-—
affect the catalytic process. Although the identity of the general-base
catalytic group has not been proven, the presence of a histidine and an
acid residue at the active site have lately been shown in the primary
structure of AChE.® The active site picture of chymotrypsin (Figure 2) has
been constructed according to the x-ray structural data.!'® The hydroxyl of
serine which acts as a nucleophile in the catalytic activity of chymo-
trypsin is shown at the top of the diagram and leads into the catalytic
triad (marked "acid-base catalytic machinery"). Other important subsites
are the oxyanion-hole, the binding pocket and the specificity pocket, which
interacts with the C, side chain of the scissile amino acid residue.
Further N-acyl interactions between residues of the substrate and enzyme
residues Trp 215 and Gly 216 also arise when the natural substrate binds.
These structural features for chymotrypsin explain perfectly well the
dynamic data that have been compiled in decades. Consequently,
similarities and differences in the dynamic behavior of the two enzymes,
AChE and chymotrypsin, are justifiably interpreted in light of what is
known about the structure of chymotrypsin.

Dynauic information on the nature of the chemistry catalyzed by hydro-~
lases. There has been a wealth of information published in recent years
about the action of hydrolytic enzymes, including those of greatest
interest in the toxicity of organophosphorus agents, on natural and
unnatural substrates. AChE has been shown to react with unnatural sub-
strates through a rate~iimiting, nduced-fit conformational change(s) in
lieu of the enzyme-substrate i.teractions found for the natural sub-
strate.?»!! Deacylation is rate-limiting at saturation for the natural
substrate, while unnatural acetyl derivatives can give rise to rate-limit-
ing acylation as a result, perhaps, of failures to fit in the actylation
transition states.!? These conclusions were drawn from the magnitude of

J
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reaction rates, that of the solvent isotope errects, studies of tne
temperature dependence of acylation and deacylation and solvent~effects.‘3
Particularly convincing evidence for the way in which enzyme-substrate
interactions generate catalytic power has been presented!®»!* for digestive
proteases. It is clear from these studies that interactions of the enzyme
with the substrate-derived structure in the transition state were sensitive
to the exact composition of the substrate, even at come distance from the
site of covalent change. Both our results and those of Hunkapiller et
al.'* added further support to the view that the more a substrate possesses
the structural features of the natural substrate, the more enzymic subsites
participate in catalysis, i.e., the more fully the catalytic power of
AChE!!*!% or other hydrolase enzyme!®”!7 is called upon. This is
reflected, for example, in the number and nature of proton bridges in the
course of catalysis. This powerful approach, the inventory and character-
ization of the nature of proton bridges in the course of the inhibition
process by OPs, is a major component of this project and mostly used in the
phase reported herein. Whether or not and to what degree the general acid-
base catalytic apparatus is used in inhibition will also further test
Rosenberry's model and expand the scope of the best mode for AChE.

The degree to which an unnatural substate (or an inhibitor) may
utilize the enzyme catalytic power may depend on the degree to which it
simulates the positions- of groups in the natural substrate during the
transition state for the enzymic reaction. The key to the selective
toxicity exhibited by organophosphorus agents must then be that they
accomplish a substantial recruitment in the inactivation step, and
occasionally in the aging step, while they often fail to achieve even a
small recruitment in the reactivation steps. This conclusion follows from
the irreversible nature of the inhibition by OPs or, in kinetic terms, from
the observation of large rate enhancements in phosphorylation, some in
aging, but very little in reactivation.!® It is reasonable then that the
transition state for the inactivation of a target enzyme by an
organophosphorus agent should be one which places ligand groups of the
phosphorus in places that simulate the positions of at least some of the
structural features of the natural substrate in order to interact with
catalytic groups such as the acid-base machinery.!'® Figure 3 is a
comparative illustration of putative structures for the acyl-transfer
transition state (bonds to carbon ligands stippled) and the phosphorus-
displacement transition state (bonds to phosphorus ligands in heavy black).
The acyl-transfer transition state is very "early"; as suggested by
secondary isotope effects the nucleophilic bond order is 0.1.}° The
phosphorus transition staté is presumed to be a trigonal bipyramid,'?®2°
The serine residue is superimposed for both structures at the lower right.
By virtue of the substantially longer bonds to phosphorus than to carbon
and of the proposed quasi-trigonal-bipyramidal nature of the transition
state for inhibition, as opposed to the quasi-tetrahedral transition state
for acyl transfer, there seems to be enough resemblance between: the
structures to superimpose -one further ligand and bring two others into the
same general spatial regions.

12




LEGEND: Structures drawn with the Oakridge Thermal Ellipsoid Programs
(ORTEP, a computer plotting technique) for possible enzymic transition
states for acyl transfer (stippled bonds, "early" structure with
nucleophilic bond order 0.1) involving the natural substrate and for
displacement at phosphorus (heavy black bonds, trigonal-bipyramidal
structure) involving an organophosphorus toxin. The nucleophilic
serine oxygen of the enzyme is represented at lower right and is
superimposed for the two structures. Note that a second ligand can be
exactly superimposed, while two others can be brought into the same
general regions of space.

Figure 3. Comparison of transition states for acyl transfer and
phosphoryl transfer. .
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C. Approach

1. Selection of Enzymes and Substrates

The target enzymes were AChE from the electric eel and from human
blood erythrocytes as well as trypsin, chymotrypsin, porcine elastase,
thrombin, and subtilisin BPN'. For comparison, data on the nonenzymatic
hydrolysis of OPs, as well as reactions of AChE from electric eel were used
in the proton inventory studies for acylation and deacylation by phenyl
acetate. The latter experiments were necessary for the comparison (vide
supra) of the results with those of appropriate substrate react.ons. The
other target enzymes were also planned to be included in the proton
inventory studies for comparison between AChEs and the structurally well-
characterized serine proteases. Host-guest interactions at the active site
in the OP-adducts were modeled with molecular graphics. The x-ray
coordinates for B-trypsin inhibited by diisopropylfluorophosphate were used
for our modeling studies,

Phosphonate inhibitors with fluoride (soman and sarin) and 4-
nitrophenyl leaving groups and with different alkyl substituents were used
to examine the effect of a variety of ligand interactions with the crucial
enzyme subsites that are presumed to induce catalytic recruitment in the
activation process. Essential information about the protonic involvement by
AChEs in the physiologically rate-determining deacetylation has also been
obtained.

2. Solvent Isotope Effects and Proton Inventories?!

Rate ratios in water and heavy water, i.e., solvent isotope effects
of appropriate kinetic parameters, are excellent, well~tested tools for the
measure of the participation of acid-base catalysis in the rate-limiting
process. A related technique, the "proton inventory," is a study of the
rate dependence of a parameter on the composition of the mixtures of
isotopic waters. This technique can aid in assessing the number of protons
that participate in catalysis as transferring protons from enzymic residues
or from solvating water molecules. In optimal situations the chemical
character, i.e., identity, of the active site residues participating in the
proton relay may also be inferred.

Enzymes, the most complex of catalysts, may involve more than a
single protonic site in their acid-base catalytic function. It is therefore
very desirable to select out from solvent isotope effects, if possible, the
component contributions of individual sites. Studies of rates in the
mixtures of isotopic waters serves this purpose well. The Gross-Butler?!
equation given below relates the dependence of a particular rate parameter
to the atom fraction of deuterium, n, in the solvent mixtures;

V.o=y T1Sr (1-n+n¢T) /?rs (1-n+n¢R) (1)
n [o] i 1 J J
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where
V, = Velocity in a binary solvent
Vo = Velocity in water
n = Atom fraction of deuterium
RS = Reactant state
TS = Transition state
¢R = RS fractionation factor

¢T = TS fractionation factor

Here the TS product is over transition-state isotopic fractionation factors
and the RS product, over reactant-state factors. The fractionation factors
are in essence inverse equilibrium isotope effects KD/KH for exchange
between a bulk water site and a particular structural site of reactants or
transition state. The most common simplifications of this equation involve
the assumption of a unit fractionation factor of most reactant states and
the assumption that one or two active~site units contribute in most
hydrolytic enzymes. Equations (a) and (b) describe these situations,
respectively.

vy Vo(1—n+n¢T) (a)

Vi Vo(1-n+n¢¥)(1-n+n¢£) (b)

More complex models can also be derived from the general expression.

A simplified approach?' to an estimate of fractionation factors and
the number of protonic sites participating at the TS is from a three-point
determination of rate parameters in protium oxide (HOH), deuterium oxide
(DOD) and their 1:1 mixture.

Results of a proton—-inventory experiment on the pH-independent
kinetic constant of interest are the kinetic isotope effects (inverse
fractionation factors) at contributing sites in the catalytic transition
state and in some cases in the effective reactant states too.
Interpretation of the isotope effects and the number of contributing sites
in the action of organophosphorus inhibitors is most meaningful in
comparison to the same information obtained with the natural (and other)
substrates.

3. '%0Z and B-Deuterium Isotope Effects

The determination of the '6:'80 effect for the leaving aryloxide ion
permits an estimate of the bond order to the inactive enzyme.2!723
Comparison with effects for nonenzymic transition states permits
determination of whether the enzyme alters this aspect of the transition
state. In principle, the effect may be determined either directly, with the
use of precision spectrophotometric kinetics,?"“*23 or competitively, by
mass spectrometry.?® Both techniques have been used by Kirsch and his
collaborators?5727 for alcoxy leaving-group '®0 isotope effects in the
action of B-glycosidase. In AChE inhibition, the product released is at the
nanomolar level for practical purposes; therefore, product isolation could
create a major problem, whereas separate rate measurements for each
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isomeric compound in the presence of a substrate modifier is a viable
method. In the case of the nonenzymic reaction, the competitive technique
involving mass spectrometry is the more promising option.

The CH /CD3 effect for substitution on phosphorus in phosphonates is
suggested by some model studies®®:%° zZs a possible indicator of the change
in electrical charge at phosphorus on conversion of the effective reactant
state to the effective transition state. If the effect is sufficient in
magnitude and variability, it could then be employed to determine the
degree to which the charge at P is altered by the enzyme in various transi-
tion states, and the degree to which it responds to the structure of the
reactant or of the target enzyme. The measurements for AChE inactivation
can be made by the same spectrophotometric technique. For the hydrolysis of
the compounds involved, standard kinetic methods such as spectrophotometry
or F~ ion detection, in the case of fluoridates, can be used.

L, Studies of Aging and of Spontaneous and Nucleophilic Reactivation

The question of the site of bond breaking in the aging reaction
involving branched alcoholic ligands on P such as with soman and sarin has
been aimed at with labeling studies. Earlier reports on tritium labeling
experiments support C-0 bond cleavage when isopropyl?®® and pinacolyl?!
groups are involved. We approached the problem by mass spectral product
analysis of extracts of reaction mixtures in which inhibited AChE had been
allowed to age in H,!®0. Rate measurements for aging and spontaneous and
nucleophilic reactivation in water and heavy water are used to shed light
on the participation of the acid-base apparatus of AChE in these processes.
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D. Results

1. Synthesis of Organophosphorus Inhibitors

a. Methyl and ethyl n4propylphosphonochloridates were made from n-propyl-
phosphonodichloridate and methanol or ethanol in pentane at 20°C under N,
with lutidine catalyst.

b. Ethyl pinacolyl n~propylphosphonate (EPPP) was prepared by coupling
ethyl n-propylphosphonochloridate and Na pinacolate in n-pentane under N,
atmosphere;

(CH,) sCCH(CH,)OH + NaH—————3(CH,) ,CCH(CH,)ONa + H,
20% excess + CH,CH,CH,P(0)OC,H,

NaC 1+CH ,CH ,CH,P(0)0C ,H c1
n-pentane, 30°C,
4 hours
OCH(CH,)C(CH,) ,

The NaCl was centrifuged out and the supernatant removed into a
distillation flask. The solvent and pinacolyl alcohol were removed and the
phosphonate distilled out at 95°C, 1.2 Hg mm.

¢. Methyl p~nitrophenyl n-propylphosphonate (MPN) and bis p-nitrophenyl
n~propylphosphonate (NPN) were synthesized from 70% methyl n-propylphos—
phonochloridate and 30% n-propylphosphonodichloridate with K-p-nitro-
phenolate in benzene;??

CH ,CH,CH,P(0)OCH, CH ,CH ,CH ,P(C)OCH,
* benzens, 30° > ¥ * kel

CH ,CH . CH ,P(0)C1 CH;CH2CH2?\(O)O——<: :>— e,
ll o_@—:s02

The KC1 was filtered ocut, the benzene was removed and the residue was
treated with cold methanol. NPN was filtered out of methanol as clean white
crystals. After recrystallization from ethylacetate, it was characterized
by mp (132-135°C) and by hydrolyzing it to p-nitrophenol, which yielded
102% p-nitrophenolate calculated from molar absorptivity and abscrbance at
400 nm. MPN was purified by separation on preparative silica gel thin
layer chromatography (TLC) plates from a benzene solution. A clear yellow
0il was obtained. Hydrolysis to p-nitrophenol and spectroscopic analysis
of a sample showed the presence of 5% p-nitrophenol, which could not be
removed by feasible techniques because of the lability of MPN.




d. For the study of the extent of bond breaking in a typical inactiva-
tion reaction, we intended to measure the !®0-leaving group isotope effect
for a phosphonate ester with an aryloxy leaving group. Therefore, isotopo-
mers of 4-nitrophenyl 2-propyl methylphosphonate (IMN) were synthesized.

I. The synthesis of Potassium 4-nitro[ '®0]phenolate

Methanol['®0] was synthesized according to the method of Sawyer.?®
First, trimethyl orthoformate was converted with butan-1-ol in the presence
of 4-toluenesulfonic acid into tri-(i-butyl) orthoformate, followed by the

hydrolyzation of the latter with H,'%0 and with the assistance of HC1 into
1-butyl formate-carbonyl-'®0. The 1-butyl formate-carbonyl-‘°0 was then
reduced with lithium aluminium hydride to give methanoll '°0J].

[CH30]3~CH + 3CH3[CHp130H CCH3[CHp]315CH + CH3OH

H2180
HC1
CH3[CH2]3O-?-H + 2CH3[CHp]50H

180
LiAlH),

CH3[CH2]30H + CH31°OH

4-Nitro[*®0Janisole was synthesized?5 from the methanol[!®0] by
adding it to a solution of LiH in dimethylsulfoxide, to which was then
added 1~-fluoro~ld-nitrobenzene as shown below:

CH30H + F4<:::>—N02 CH31804<:::>—N02 +LiF
LiH~DMSO

U-Nitro[ '®0]phenol was obtained in 80% yield from the labeled anisole
by fusion with pyridinium HC1 and crystallization, It was then converted to
the potassium phenolate in methanol-methoxide.

CH3‘°O-{<::3>—N02 o H‘80-<<::>>~N02
pyridine HC1

II. Synthesis of IMN (!0, '®0)

Both IMN and its '®0-labeled isotopomer were made by coupling the
corresponding potassium 4-nitrophenolate with 2-propyl methyl phosphono-
chloridate in dry benzene at 20°C for 20 hours followed by fractional
distillation of the products. The main fraction of distillate, containing
the isomeric esters, was further purified to >99% by HPLC on a C~18 column




(ODS Hypersil 150 x 4.7 mm, 2.5 u particle size) with methanol-water gradi-
ent elution before each experiment. The UY-nitrophenol equivalent product of
basic hydrolysis was measured spectrophotometrically at 400 nm.32

III. Purification of IMN

Basic hydrolysis of the '°0 and '°0 isomers of IMN obtained by
synthesis revealed that some fast-hydrolyzing impurity coextracted with the
180~1labeled compound. Addition of Tris base did not effect the hydrolysis
rate; thus coextraction of Tris from the huffered aqueous extract could not
have caused the faster hydrolysis of the !%0 isomer of IMN observed at the
outset of the reaction, To rectify the problem, the compounds were further
purified by HPLC separation of the impurities on an ODS Hypersil column
with water-methanol gradient elution. Figure Y4 shows the HPLC recording of
the signal from a UV detector of the eluting components. IMN elutes with a
retention time of 14 minutes, while the impurity present in the !'®0 isomer
elutes at 20 minutes. The aqueous eluent of each of the isomers of IMN was
extracted with methylenechloride, dried over anhydrous MgSOu and evaporated
to dryness. The pure compounds were then taken up in absolute methanol for
stock solutions for kinetic measurements.

2. Analysis of Labeled Inhibitors

Precise determination of the amount of intact inhibitor in the reac-
tion mixture for kinetics is particularly essential for the measurement of
small isotope effects by direct rate measurements of the individual
isomers. In such direct rate studies, the rates are directly proportional
to the concentration of the inhibitor.

Stock solutions of IMN were prepared in 10°® M concentrations in
methanol. Known aliquots of these solutions were hydrolyzed in 0.1 M NaOH
solution at 25°C and the release of U-nitrophenol followed at 400 nm. The
total amount of IMN was calculated from the total absorbance change. A 1:1
mixture of the stock solutions of the two isomers was also prepared for
mass spectral analysis by evaporating the solvent from the mixture and re-
dissolving it in methylenechloride for introduction into the mass spectro-
meter, The !€0:'%0 ratios for the molecular ions was used for the con-
centration ratio in the kinetic experiments, i.e., for isotope effect
calculations.

Stock solutions of soman and sarin unlabeled and deuterium labeled in
the B-position from the phosphorus were made up in water in 2x10°° M
solution from the dilute stock solutions provided by USAMRICD. A further
dilution of the 2x10™ % M solutions with dilute HC1 (pH 4.0) was necessary
for kinetic measurements. The latter solutions, however, are too dilute for
analysis. Thus, the 2x107° M solutions of sarin and soman isomers were
hydrolyzed with dilute base and were diluted to 8x107¢ M with a pH=5.8
0.015 M phthalate buffer prepared with 0.05 M KNO;. The fluoride~selective
electrode was standardized with 107 %-10"* M solutions serially diluted from
a 0.1 M NaF standard solution with the buffer used for the samples. Figure
5 shows the calibration curve. From the mV readings at 25°C of the sample
solutions, the following total F~ concentrations were calculated with a 2%
reproducibility, but probably slighter accuracy:
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soman 1.83 x 1075 M
soman=-gD 1.19 x 107° M
sarin 3.98 x 1075 M
sarin-gDs 2.90 x 107° M

In independent experiments, 5 ml of a 2x10™“* M solution of each agent
prepared in a pH 5.8, 0.015 M phthalate {0.05 M KNO3) buffer was hydrolyzed
and the F~ release monitored by the same selectivé electrode. The initial
F~ concentration was estimated from extrapolation to zero time. An aliquot
of the sample was also hydrolyzed in strong base to check the total F~
concentration of the sample. The ¥ mol fractional F~ content in the
solution of the agents is as follows:

soman 2.0 2%
soman-gD 0.05 + 2 %
sarin <8.0 +2¢%
sarin-gDy 1.5 +2%

Thus, within the limts of this technique, * 2% precision, the F~ content of
the stock solutions of the agents were 0.05% - 8 mol%. This analytical
technique gives information only about the type of decomposition that
results in the release of F~.

Since acid-catalyzed hydrolysis of OP compounds that have a branched
alcoholic group can also deplete the concentration of active inhibitor, a
measurement of intact OP ester concentration had to be developed. The
analytical technique involves the use of an excess of chymotrypsin over the
inhibitor. The active site concentration of chymotrypsin, on the other
hand, can be determined with precision by using highly sensitive
fluorimetric techniques. The fluorophor of our choice is T-hydroxy 4-
methylcoumarin (MU), which is released from its p~(NNN-trimethylammonium)
cinnamate ester (MUTMAC) upon displacement by serine at the active site of
chymotrypsin. Figure 6 demonstrates the burst of fluorescence intensity
upon the instanteneous release of MU observed with a 3x107® M chymotrypsin
solution. The two upper traces or "burst" correspond to a large increase in
fluorescence intensity due to the "burst" of MU before chymotrypsin inhibi-
tion. The lower "burst" is a smaller rise of fluorescence intensity after
chymotrypsin inhibition. The difference in fluorescense intensity between
the upper and the lower traces is then proportional to the active sites of
chymotrypsin inhibited which in return is stoichiometrically equivalent to
the concentration of the inhibitor. The linear dependence of fluorescence
on concentration in the range 50-1000 nM reagent is shown in Figure 7.

The concentration of 6x10°® M soman stock solutions has been
determined with a twofold excess of chymotrypsin, by the difference in the
concentrations of chymotrypsin active sites in diluted solutions of
uninhibited and inhibited chymotrypsin, respectively. The inhibition was
effected by a 10 minute incubation of enzyme and inhibitor at 25°C. Under
these circumstances only the S-P(-)-isomer of soman reacts with
chymotrypsin, which isomer is also the the only appreciable inhibitor of
AChE in our kinetic experiments. Figure 8 shows the linear dependence of
fractional inhibition of a chymotrypsin solution on increasing soman
ccncentrations., The same stock solutions were used for kinetic
measurements.
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The concentrations of both isomers of sarin stock soluftions were
determined in 10”* M stock solutions. The incubation time was raised to 20
minutes with chymotrypsin until reactions of both isomers were complete.
Since only one of these, the S-P(-)-isomer, reacted with AChE under our
experimental conditions, the half of the concentration measured with
chymotrypsin was used in the analysis of the AChE inhibition data. For
kinetic measurements with AChE, the stock solutions had to be diluted 100
times.

3. Kinetic Methods

The derivation of the rate law for the competitive irreversible
inhibition technique in the presence of a substrate with the appropriate
characteristics is given below:3®*

The enzyme is engaged in parallel reactions. One involves the
inhibitor, which produces the inhibited enzyme adduct and the leaving
group, P1. The other reaction is with the substrate that is being turned
over by the available free enzyme, the product of which is the leaving
group of the substrate, P,. Either the depletion of the substrate or the
production of P, can be monitored by some analytical technique. In most
cases, as in ours, the departure of a chromogenic leaving group is followed
by spectroscopic techniques.

kK K; E = uninhibited enzyme
E+ I m=EI—>p, +EI* 1 = inhibitor
2 S = substrate
+ S EI = enzyme inhibitor complex
ks A L ky ES, = enzyme substrate complex
l Ke EI" = inhibited enzyme
ES—=—>P, + E Py = leaving group (inhibitor)
P, = leaving group (substrate)

The two differential equations of interest are 2, for the production of the
chromogenic leaving group of the substrate, and 3, for the production of
the dead enzyme. The mass b%}ance, summarizing the distribution of
uninhibited enzyme [E] (E=E,-EI") among the free [Ep] and modified [ES] and
{EI] forms, is given in eq. U.

dP,/dt = K,[ES] 2
dEI*/dt = ky[EI) 3
E = [Ep] + [ES] + [EI] 4

As is customary in derivations for enzyme kinetics, Ep and EI in terms
of ES are readily derived from steady-state approximations;

(Epd = [ESIKy/ES] ana ([EI} = [ESIKy/{SI{{I1/K;}
where K. = {ky + kel/ky and Kj = {kp + kj}/kq

and upon substitution into eq. Y4, eq. 5 is obtained:
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E =[ES]{K,/[8]+ Kp/[SI{{11/Ki}+ 1} 5

or

[ES] = E[SIK;/{[I]K, + KpK; + [SIKi} 6

Substitution of 6 into 2 gives 7, the rate of product release as a function
of the also time—-dependent concentration of uninhibited enzyme (EtL

dPp/dt = Egko[SIK;/{[11Ky, + KpKy + [SIK;) 7

The distribution of the different forms of enzyme as a function of time, on
the other hand, is governed by eqs. 2, 3, and 4, Therefore, eq. 3 is also
expressed in terms of steady-state parameters of eazyme kinetics as

follows: Since [E¢] = [EI]K;/[I], [ES] = [EI][S]/Ky {K;j/[I]} and E =
EI” are also true, thus;

[EI] = (B, - EI*}(IIKy/{[T1Ky + KpK; + [SIK;) 8
and

dEI*/dt = {(E, - EI"}K;[IIKy/{[I1Kp *+ KpKy + [SIK;) 9

The analogies between eqs. 7 and 9 are readily recognizable. Provided that

(8] = {S,] and [1] = [I,], where [S,] and [I,] are the initial concentra-
tions, through the reactlon

kobs = ki[Io]Km/{[IOJKm + KmKi + [So]Ki} 10

After separation of terms (eq. 11) and integration between limits, t = 0;
EI* = 0 and £; EL” t» €9. 12 is obtained:

dEI /(Eo - EI* } =k dat 1

obs
I(E/{E, = EI'}) = Kgpgt or In(Eg/Eq) = ~Kopst 12

Now, the time-dependent product formation can also be related to the
initial concentration of enzyme E,, by substitution of eq. 12 in the
exponential form, E. =Eg, exp(kobstL into eq. 7 (eq. 13).

dP,/dt

Eq exp(~Kopgt) KolSoIK/ (LI K, + KKy + [SyIKd 13

i.e.,

dP,/dt = const exp(=K.nat)

obs

Separatiou of terms and integration of eq. 13 between the limits t = 0; P2
= 0; and t; Pp¢ yields eq. 14,

Poy = {const/kgpgd{1 = exp(-kgpst)} 14
and at infinite time,

Pow = const/kgps = EgkolSglKi/kilIgnlKy 15
Since the denominator for the constant in eq. 13 and that of kgpg in eq. 10

are identical, they cancel out in eqs. 14 and 15. In these equations, the
concentration of product released in time is related to experimentally
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definable kinetic parameters and concentrations factored by the fraction of
reaction progress {1 - exp(—kobst)} in the simplified form of eq. 16.

Por = EgkelSolK i/ {ki[I IKp} {1 ~ exp(=kgpgt)} 16

Evaluation of Microconstants. A convenient expression for the determi-

nation of the second-order (k;/K;) and first-order (ki) rate constants is
obtained by inversion of eq. 10 and separation of terms as in eq. 17.

V/kopg = 17kj + (Ki/ky/LIoD0 + [S5)/Kp) 17

In the broadest application, particularly when inhibition is studied at a
level of about half saturation of the enzyme with the inhibitor, a plot of
kobs | versus [I,]7! gives k;™! as intercept and (1 + [Sgl/Kp)Ki/ky as
slope. A knowledge of [S,]/K, or a replot of a series of slopes against
corresponding values of [Sy] can lead to a determination of Kj. Alternati-
vely, if K;/[I,] > 1, a plot of kgps | versus [S,] approximates K;/k;[”I,]
as intercept and Ki/k;[I,]K, as slope. In the reverse case, if K;/[Iy] <
1, a plot of kg,,~" versus [S,] approximates k; | as intercept and
Ki/ki[I5)K, as slope.

Linear least-squares techniques were used throughout these studies
for data work-ups of this kind. The line in each figure is drawn across
calculated points in this report. In almost all cases, ki is so large and
K; is so small that traditional kinetic measurements are limited to the
concentration range (well) below K; and, therefore, the only parameter that
can be obtained with acceptable precision is ki/Ky.

b, Rates, Solvent Isotope Effects and Proton Inventories for the
Inhibition of Serine Hydrolases by OPs

a. Reactions of Acetylcholinesterase from the Electric Eel

AChE inhibition by NPN, MPN, IMN and sarin were studied at pH 7.70 in
0.05M phosphate buffer containing 5% methanol at 25°C in the absence and
presence of a good substrate, phenyl acetate (PA). The inhibition by soman
was studied only in the presence of PA and 1% methanol, because the
rapidity of the reaction rendered the technique of sampling for residual
AChE activity by drawing aliquots unfeasible.

PA has been chosen to assay for remaining enzyme activity as a
function of time after inhibition, or as a competitor for AChE catalysis,
because of its ideal characteristics as a good, chromogenic substrate with
greater stability to aqueous hydrolysis than substituted analogs of phenyl
esters. The release of phenol on enzymic hydrolysis of PA is easily
followed at 275 nm, where Ae = €bhenol ~ €pa = 1340 em ! M7'.2® The rate
parameters for PA hydrolysis by AchE at pH = 7.70 in 0.05 M phosphate
buffer and 5% methanol have been found to be Koag = 1.76 + 0.09 x 10° s !
and K, = 2.6 + 0.2 mM, in good agreement with reported values.®’® The
nonenzymic hydrolysis rates of PA were measured to be k = 3.82 x 10 ¢ 5!
and 1.99 x 107 s™! at pH = 7.70 and pD = 8.2% in HOH and DOD buffered in
0.05 M phosphate of an acid:base ratio of 3:1. The pseudo-first-order rate
contants (k,,o) were fitted to eq. 17. The summary of the rate data with
standard errors is given in Table 1.
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I. Inhibition by Soman

Aliquots of a diluted solution of soman at pH 4.5 (HCl) were pre-
equilibrated with a 10 pl aliquot of a methanolic solution of PA and the
appropriate amount of buffer at pH 7.7. Introduction of AChE initiated the
reaction. Figure 9 shows a representative plot of kobs versus soman concen-
tration, all at 1 mM PA . The experimental points are best fitted by a
straight line: saturation of AChE with soman is not 1likely to occur in the
concentration interval studied.

Figure 10 demonstrates the substrate dependence of the reaction at
soman = 107% M in water where linear behavior is observed. Corresponding
lines in a water and heavy water mixture of 1:1 and in heavy water, as
defined by measurements at two PA concentrations, are also indicated.

Since the solvent isotope effects are quite small, a multipoint
dependence of the rate constants on n, the mol fraction of DOD in HOH,
would not give much refinement of the characteristics of the proton
transfers involved, over the deductions that can already be made from these
data at hand.

The substrate-independent inhibition rate constants and solvent
isotope effects are tabulated as a function of temperature in Table II and
the Eyring plot for the data is given in Figure i11. From the least squares
slopes and intercepts AH* = 7.3 + 0.6 and AS*¥ = -4 + 2 eu in Hy0 and AH¥
7.1 £ 0.4 and AS¥ = -6 + 1 eu in D,0 were calculated.®®

II. Inhibition by Sarin and IMN

The inhibition of AChE by these compounds was studied in the presence
of 8.2 mM PA while the concentration of the inhibitor was varied in the
manner described below for the secondary isotope effect studies.

III. Inhibition by NPN

i. Direct inhibition by NPN in the absence of substrate was carried out
with 5-8 units of AChE in a total volume of 1.0-1.2 ml and NPN concentra-
tions 7.17, 3.22, and 1.79 x 10° % M. The inhibitor was introduced from an
acetonitrile stock solution in a volume to result in 5% acetonitrile in the
incubation mixture. The progress of inhibition was followed by drawing 0.1
ml aliquots of the incubation mixture and diluting them with a 5 mM
solution of buffered PA to 1.0 ml. This test for remaining enzyme activity
was allowed to develop to 2-3% hydrolysis of the PA and the zero order
rates were calculated from traces recorded in time. These velocities were
further corrected for aqueous hydrolysis of PA under the same conditions;
this correction remained 2% below of the enzymic rates. Fractional enzyme
activities were calculated by dividing remaining AChE activities (Vt) by
the activity of the uninhibited enzyme toward PA (vo). NPN exhibited a
sluggish reaction in this concentration range, below 1fs saturation solu-
bility at pH 7.70; therefore, reactions had to be followed for 1-2 hours
to cover 3-4 hnalif lives. Under this circumstance, aquecus hydrclysis
depletes NPN substantially. The following kinetic scheme can account for
these results:
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Figure 9. First-order rate constants for the inhibition of AChE by soman.
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Pigure 10. Substrate dependence of the inverse first-order rates of inhibition
of AChE by soman.
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TABLE II.

for Inhibition of Eel AChE by Soman.

Temperature Dependence of the Second-Order Rate Constants

107 *k; (HOH),

ey (i 1072k (00D),

Temperature, MtgTe M s kX (HOH)/k (DOD)
5.0 794 + 66 617 + 32 1.29 £ 0.12
15.0 1420 +
20.0 2117 £ 20 1578 = 178.5 1.34 + 0.10
25.0 3020 + 120 2152 + 76.2 1.41 £ 0.07
35.0 4181 = 300 3159 =+ 270 1.33 £ 0.12
45.0 6097 + 360 4547 = 313 1.34 £ 0.11

8ccurate to & 0.1°C
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A plot of ln(Vt/v ) versus (e -1) gives ky [1,)/ky as the slope. kp
= 9,07 x 107% 8! in water and 9.00 x 1075 g™! *n heavy water at pH = 7.70,

pD = 8.24 in 0 05 M phosphate buffer. Corrected values of the slopes at
different NPN concentrations (kob ) were plotted against I, and the
second-order rate constant of inhibltion was calculated to be 7.32 + 0.10
M™! 87! (Figure 12). Inhibition studies were carried out in HOH and DOD
buffers parallel at each 7.19, 5.18, and 3.22 x 10°° M NPN concentrations.
One of these is shown in Figure 13 at 7.19 x 1075 M NPN. The ratios of the
inhibition constants in HOH to those in DOD were somewhat larger than
unity, 1.2-1.3, with up to 10% errors inherent in this technique.

ii. Results of the measurements of k; in the presence of protective sub-
strate are only preliminary, because the acetonitrile content in these
reaction mixtures was 5-10% as a result of the direct introduction of NPN
stock solutions into the enzyme assay solutions. Acetonitrile and similar
organic solvents at this level interfere with these kinds of measurements
and complicate interpretation of the data. Optimization of the reaction
conditions involving only methanolic stock solutions is under way.

IV. Inhibition by MPN

i. Inhibition studies in the absence of substrate were conducted in the
same manner as described for NPN, but for much shorter periods of time,
since MPN proved to be a much better inhibitor of AChE than NPN. Nonenzymic
hydrolysis of MPN is slower than that of NPN at pH 7.70 in 0.05 M phosphate
buffer, yleldlng Kopg = 951 x 107 ° s "1, This allows the calculation of
2% decomposition oP MPN in about 30 minutes, the duration of the experi-
ments. Thus, parallel hydrolysis was not included in the reaction scheme
and the simple first-order rate law was used:

ii.Measurements of k; in the presence of PA with 5% methanol as a co-
solvent at PA concentrations of 0.5-2.5 mM with a series of MPN concentra-~
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Figure 12. First-order rate constants for the inhibition of AChE by NPN.
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Figure 13.

of time (e

Plot of relative AChE activities against PA, (vt/vo) as a function

h° _1), after inhibition by NPN.
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tions (0.7-12 x 107% M) in HOH and DOD were mostly successful. In case
inhibition was less than 85%, as with some of the lower concentrations,
poor first-order kinetics was observed and the data had to be discarded.
Figure 14 shows the PA dependence of the observed rate constants in HOH, in
DOD, and in the 1l:1 mixture of the two. Figure 14 shows that linear
behavior is conserved at least until 3 mM PA and, therefore, eq. 17
describes adequately the characteristics of competitive substrate
protection. Figure 15 demonstrates the substrate-independent rate constants
as a function of MPN concentration for HOH and DOD. The points are best
represented with a straight line within their experimental errors; i.e.,
there is no evidence of AChE saturatinn by MPN up to about 107* M. The
second~order rate constants calculated from the slopes are somewhat less
than those obtained in the preliminary measurements without substrate.

The solvent isotope effect calculated from these data is larger than
that calculated with the other inhibitors in this study. To further
characterize the nature of protonic participation in the inhibition
process, measurements were repeated in HOH, DOD, and the 1:1 mixture with 2
x 107% M MPN. The data are given in Table I.

b. Inhibition of AChE from Human Erythrocytes

Kinetic measurements were made with PA 0.5-1.8 mM (0.2-0.8 K ), AChE
0.0125 unit/ml and either with 4 x 107 ® M soman or with 1.45-5.63 x 1075 M
MPN in H,0, D,0 and, in one case, in their 1:1 mixture, in pL 7.40, 0.05 M
phosphate buffer at 25°C. The MPN dependence of inhibition showed a small
trend toward saturation. Table III gives second-order inhibition constants

(ki) and solvent isotope effects measured at an MPN concentration of 2.96 x
10 ° M.

c¢. Inhibition of Chymotrypsin

Measurements of the inhibition of chymotrypsin by soman and NPN gave
good results in the presence of the chromogenic substrate Glu-Leu—-Phe-U-
nitroanilide (GLP). The rate parameters for GLP hydrolysis by chymotrypsin
at pH=7.2 in 0.05 M phosphate buffer and 1% acetone have been found to be
kca =10.6 s ! and K ~i mM. The nonenzymic hydrolysis rates of GLP in H»0
and D, 0 under these condxtlons are negligible. The substrate-independent
second-order inhibition constants were again obtained from the fit of a
series of kg, values at differ-ent substrate concentrations or inhibitor
concentrations to eq. 17.

The pL dependence of phosphorylation of chymotrypsin shows a maximum
at pH ~7.2-7.6 in Hp0 and at pD ~7.7-8.1 in D,0 as demonstrated for NPN in
Figure 16 from the data in Table IV. These rates were determined singly or
in duplicate (Table IV) and at low substrate concentrations where the
substrate dependence is negligible. Phosphorylation of chymotrypsin by
diisopropyl fluorophosphate shows the same pH dependence. In the concen-
tration range 107*-107° M, where it is practical to work with GLP, the
substrate dependence of the pseudo-first-order rate constant was not
noticeable with soman and very small with NPN. Figure 17 shows the soman
dependence when GLP is 1.05 x 10™"* and chymotrypsin is 3 x 107 ¢® M at 25.00
+ 0.05°C in H,0. There is no evidence of saturation of chymotrypsin with
the inhibitors under the conditions of our studies.
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Inverse first-order rates of inhibition of AChE by MPN.
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Figure 15. Dependence of the first-order rate constants of inhibition of

AChE by MPN concentrations.
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TABLE 1IV. Dependence on pL (L = H,D) cf Inhibition Rate Constants
for Chymotrypsin., 1.13 x 107 M NPN in HOH and DOD solvents at 25.00
+ 0.05 °C, u = 0.29 (KCl), GLP 5 x 107° M,

pL 10%K g, S
HOH, pH

6.90 2010

7.02 21402

7.22 2766

7.25 3245

7.61 3502, 3630

8.00 3010, 3121

8.140 2093

8.46 2110
DOD, pD

7.35 1030

7.85 1541

8.15 1476

8.84 1275
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Rate measurements of the inhibition of chymotrypsin by MPN were
carried out at pH 6.9 in HOH and pD 7.45 in DOD buffered with 0.05 M
phosphate. These reactions were so sluggish that initial rate studies of
107% M chymotrypsin solutions with MPN were the only workable approach.

Reaction conditions and first-order data are tabulated for the inhi-
bition by soman in Table V, by NPN in Table VI, and by MPN in Table VII,
The substrate concentration (S) used for each set of experiments is
indicated in the table captions or in a separate column (e.f. Table V) in
units of M and the order of magnitude is indicated by the factor preceding
S, according to the convention of the Journal of the American Chemical
Society. The data were collected at inhibitor concentrations below satura-
tion but high enough that the substrate dependence was negligible (as at S
= 0). Either the average of a given number of experiments is given in a
table or each single kobs value is reported. The values of ki/K; calculated
from these data are tabulated in Tables VIII, IX and X, and the correspon-
ding proton inventory plots are in Figures 18, 19 and 20. In these and all
other plots and tables, n always represents the atom fraction of deuterium
in the respective reaction mixture.

d. Inhibition of Trypsin

Trypsin is not inhibited by MPN to an appreciable degree. The
progress of inhibition by NPN was followed under pseudo-first-order condi-
tions when trypsin was in 25-fold excess. The pH dependence of phosphoryla-
tion of trypsin (Table XI and Figure 21) approached an asymptote at pH >
8.2; pD > 8.6 to the analogy of acylation. A more extensive determination
of the pH dependence is technically complicated by the increasing back-
ground hydrolysis of the inhibitors and is not required for the location of
the pH optimum, where proton inven—tories are preferentially measured. The
proton inventory data are given in Tables XII and IX and in Figure 22,

e Inhibition of Subtilisin BPN'

The very slow inhibition by MPN was followed by initial rates (v0 in
Ms™! units) of less than 5% of inhibition. The proton inventory data, Vo
values as a function of n, the atom fraction of deuterium, are tabulated in
Tables XIII and IX and portrayed in Figure 20.

Studies of inhibition by soman and NPN were carried out in com-
petition with GLP as an adequate chromogenic substrate of subtilisin BPN'.
It is interesting that no dependence of inhibition on the concentration of
GLP could be observed in either case. The data are tabulated in Tables XIV
and VIII for soman and in XV and IX for NPN. The corresponding proton
inventories are given in Figs. 23 and 22.

f. Inhibition of Porcine Elastase

The sluggish inhibition by MPN was followed by initial rates as
described for subtilisin BPN'. The proton inventory data are listed in
Tables XVI and X and portrayed in Figure 20,

The rate of inhibition of elastase by NPN was followed in the
presence of the chromogenic substrate n-sucecinyl-Ala-Ala-Ala-U-nitro-
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TABLE V., Primary Data for Chymotrypsin Inhibition by Soman.
Enzyme: a-Chymotrypsin 2 x 107¢ M2, Sigma Lot No. 31F-80751
Substrate: GLP, 107% M, gift of Professor Barth et al., IK8472
Inhibitor: Soman, 4 x 107° M; source: USAMRDC

Buffer: Phosphate, 0.05 M, Fisher Lot No. 730871

Ionic Strength: 0.15 M, 1% acetone

Temperature: 25.00 % 0.05°C

n pL 10° Kopgy °° No. of experiments
0.00 T.44 4120 = 123 (4)
0.252 T.46 3670 = 115 (4)
0.495 7.48 3010 % 167 (4)
0.746 7.51 2600 * 155 (4)
1,000 7.54 1938 + 57 (7)

8ctive site titration by UY-nitrophenyl acetate




TABLE VI. Primary Data for Chymotrypsin Inhibition by NPN.
Enzyme: a~Chymotrypsin, 4 x 1077 M, Sigma Lot No. 31F-80751
Substrate: GLP, gift of Professor Barth et al.,, IK8472
Inhibitor: NPN, 1.5 x 107°% M, Source: synthesis IK8417
Buffer: Phosphate, 0.05 M, Fisher Lot No. 730871

Ionic Strength: 0.15 M, 1% MeOH, 4% acetone

Temperature: 25,00 + 0.05°C

n 10 S, M pL 10% g, S
0.00 5 7.40 3130, 3120

0.00 1 7.40 3700, 3540, 3540,
3860, 3640
0.239 5 7.43 2830, 2930
0.239 1 7.43 3300, 3460
0.521 5 7.48 2560, 2560
0.521 1 7.48 2680, 2670
0.712 5 7.51 2360, 2240
0.712 1 7.51 2680, 2540
1.000 5 7.53 1780, 1760
1.000 1 7.53 1970, 1990
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TABLE VII. Primary Data for Chymotrypsin Inhibition by MPN,
Enzyme: wo-Chymotrypsin 1.66 x 10° M3, Sigma Lot No. 31F-80751
Inhibitor: MPN, 3.6 x 107° M; source: synthesis IK8U417
Buffer: Phosphate, 0,05 M, Fisher Lot No. 730871

Ionic Strength: 0.15 M, 1% MeOH

Temperature: 25.00 % 0.05°C

n pL 10:° v, Ms™! No. of experiments
0.00 6.90 260 = 5 (3)
0.25 6.92 233 + 8 (3)
0.50 6.95 196 & 2 (3)
0.75 6.97 164 & 11 (3)
1.00 7.02 123 = 1 (3)

@Active site titration by 4-nitrophenyl acetate
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TABLE VIII. Inhibition Rate Constants for Serine Proteases with Soman
in Binary Mixtures of Protium and Deuterium Oxides (Atom Fraction of

Deuterium).

System

k{/Kj, M *s™* & SD (n)

a~Chymotrypsin
pH = 7.44 and corresponding
pl, u = 0,15 M

Subtilisin BPN'
pH = 8.40 and corresponding
pL, u = 0.017 M

1030 = 30 (0.00); 902 = 29 (0.252)
753 & 42 (0.495)
650 + 38 (0.746); 484 x 16 (1,000)

-4

20.5 + 4,2 (2.00); 17.0£3.5 (0.252)
15.0 = 0.3 (0.485); 12.4 = 0.1
(0.720); 10.1 = 1.4 (0.950);

9.6 + 2.0 (0.950)
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TABLE IX. Inhibition Rate Constants for Serine Proteases with NPN in
Binary Mixtures of Protium and Deuterium Oxides (Atom Fraction of

Deuterium).

System

ki/K;, M *'s™* = SD (n)

a~Chymotrypsin

pH = 7.40 and corresponding
pL, substrate 1-5 x 1074 M
u=0,15M

Trypsin

pH = 8.42 and corresponding
pL, w = 0.031 M

A different solution of
Trypsin (see Table XI)

Suptilisin BPN'

pH = 8.39 and corresponding
pL, substrate 5 x 107° M
pe=0.01T M

Elastase
pH = 8,43 and corresponding

pl., substrate 1.25-6.25 x 107" M

p=0.017T M

2261 + 59(0.00); 985 = 52(0.24);
1651 + 78(0.52); 1522 = 32(0.72);
1178 + 17(1.00)

263.7 £ 8(0.00); 234.4 + 7(0.25);
200.6 * 4(0.50); 170.6 = 5(0.75);

144.,5 3(1.00);

277.4 3(0.00); 149.7 + 1(1.00)

[

1325 = 49(0.00); 1190 + 58(0.227);
1190 = (0.278); 1016 + 23(0.495);
881(0,722); 885 + 12{0.773);
T48 + 6(0.95; 713 + 7(1.00)

+ I+

1839 + 130(0,00); 1521 % 27(0.253);
1385 + 25(0.495); 1213 + 23(0.747);
1123 + 21(1.00)
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TABLE X. Inhibition Rate Constants for Serine Proteases with MPN in
Binary Mixtures of Protium and Deuterium Jxides (Atom Fraction of

Deuterium).

System

10°Kk /Ky, M™'s™' £ SD (n)

a-Chymotrypsin
pH = 7.40 and corresponding
pl, u = 0.15 M

Subtilisin BPN'
pH = 8.40 and corresponding
pl, u = 0,034 M

Elastase
pH = 8.43 and corresponding
pL, u = 0.034 M

435
326
205

I+ 1+ I+

2570
1890
1310

+ + I+

3190

2340 = 11(0.500);

1670 =+

8(0.00); 390
1(0.50); 273
2(1.00)

I+ 1+

15(0.00); 2310
29(0.50); 1460
31(1.00)

12(0.25);
14(0.75);

30(0.20);
38(0.75);

i+ I+

+ 200(0.000); 2870 + 138(0.238);

55(1.000)

2020 + 115(0.750);
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Figure 19. Proton inventory for the inactivation of chymotrypsin and
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TABLE XI. Dependence on pL (L = H,D) of Inhibition Rate Constants for
Trypsin® with NPN in HOH and DOD solvents at 25.00 = 0.05°C, u = 0.29

(KCL1).

pL K/, M'sT

HOH, pH

7.10 131.6

7.28 176.7

7.58 214.8

8.00 295.3

8.04 282.3

8.28 312

8.45 315, 294

8.90 288, 298
DOD, pD

7.35 47.3, 51.1

7.74 81.4

8.1“ 95.2

8.35 112.1, 115.2

8.79 155.5

9.38 175.3

431 mg/ml = 1.307 x 107% M calculated with MW = 23,800
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TABLE XII. Primary Data for Trypsin ILnhibition by NPN.
Enzyme: Trypsin 107* M,2 Sigma Lot No. 546-8220
Inhibition: NPN, 4.6 x 10°® M, Source: synthesis IK8417
Buffer: Trizma 0.09 M, Sigma Lot No. 32F-5010

Ionic Strength: 0.031 M, 1% MeOH

Temperature: 25.00 = 0,05°C

n pL 10%°kgpgy s No. of Experiments
0.00 8.42 2769 + 86 (8)
0.250 8.46 2438 + 80 4)
0.500 8.48 2106 = 43 )
0.750 8.54 1791 £ 52 (4)
1.00 8.60 1517 + 32 (5)
*0,00 8.42 3079 £ 31 ()
*¥1,00 8.58 1617 + 11.3 )

*
Higher enzyme activity

8Calculated from weight with MW = 23,800
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TABLE XIII. Primary Data for Subtilisin Inhibition by MPN.
Enzyme: Subtilisin BPN', 2.7 x 107% M,2 Sigma Lot No. 123F-0316
Substrate: GLP, 107* M, gift of Professor Barth et al., IK84T2
Inhibitor: MPN, 1,51 x 107° M, Source: synthesis IK8417
Buffer: Trizma, 0.1 M, Sigma Lot No 32F-5010

Ionic strength: 0.034 M, 2% MeOH

Temperature: 25.00 % 0,05°C

n pL 10**Vo, Ms™t No. of Experiments
0.00 8.40 1058 + 6 (4)
0.200 8.41 955 =+ 22 (4)
0.500 8.u5 776 £ 15 (4)
0.750 8.48 6ou + 9 (4)
0.950 8.50 541 + 6 (4)

dpctive site titration by MPN
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TABLE XIV. Primary Data for Subtilisin Inhibition by Soman.
Enzyme: Subtilisin BPN', 8 x 1077 M,2 Sigma Lot No. 123F-0316

Substrate: GLP, 107* M, gift of Professor Barth et al.,
1K84u72

Inhibitor: Soman, 107" M, Source: USAMRDC
Buffer: Trizma, 0.05 M, Sigma Lot No. 32F-5010
Ionic strength: 0.017 M, 1% acetone

Temperature: 25,00 & 0.05°C.

n pL 10%Kgpgy S No. of experiments
0.00 8.40 205 = 42 (3)
0.252 8,44 170 £ 35 (2)
0.485 8.46 150 + 3 (2)
0.720 8.51 124 + 1 (2)
0.950 8.55 101 + 14 (3)
0.950 8.55 66 = 20 (2)

3pctive site titration by MPN
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TABLE XV. Primary Data for Subtilisin Inhibition by NPN.
Enzyme: Subtilisin BPN', 107° M,2 Sigma Lot No. 123F-0316

Substrate: GLP, 5 x 1073 M, gift of Professor Bartn
et al., IK8472

Innibitor: NPN, 1.733 x 10°° M, Source: syntnesis IK8417
Buffer: Trizma, 0.05 M, Sigma Lot No. 32F-5010
Ionic strength: 0.017 M, 1% MeOH, 2% acetone

Temperature: 25.00  0.05°C,

n pL 10%kpgy 8 ° No. of experiments

0.00 8.39 2187 = 13 (1)

0.227 8.39 1963 + 96 (3)

0.278 8.40 1962

0.495 8.40 1676 + 43 (3)

0.722 8.42 1453

0.773 8.44 1460 = 20 (3)

0.950 8.49 1234 + 10 (2)

1.000 8.49 1189, 1165

8Active site titration by MPN
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Figure 23,
soman.

Proton inventory for the reaction of subtilisin BPN' with
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TABLE XVI. Primary Data for Elastase Inhibition by MPN.
Enzyme: Elastase, 2.5 x 107° M,2 Sigma Lot No. 73F-81651
Inhibitor: MPN, 1.71 x 1075% M, Source: synthesis IK8#17
Buffer: Trizma, 0.1 M, Sigma Lot No. 32F-5010

Ionic strength: 0.034 M, 2% MeOH

Temperature: 25.00 # 0.05°C

n pL 10t Vo, Ms™? No. of Experiments
0.00 8.43 1368 = 86 4)
0.238 8.48 1225 = 59 (4)
0.500 8.50 1012 = 5 (7)
0.750 8.50 868 + 50 (4)
0.950 8.52 718 + 24 m)

3pctive site titration by MPN
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anilide under the conditions given together with the data in Table XIV. The
substrate concentrations are indicated under the heading 10"S; therefore,
they represent orders of 10™* M concentrations. The second-order rate
constants calculated from the data in Table XVII, according to eq. 17, are
tabulated in Table IX and plotted against the fraction of deuterium in
Figure 19.

g. Solvent Isotope Effects for the Inhibition of Serine Proteases

The rate ratios (k /k1) for the partial solvent isotope effects at
each n, atom fraction of deuterium, were calculated and fitted to eq. 1/D
for the model for two hydrogenic sites at the transition state. The two
fractionation factors, ¢, so calculated are listed in Table XVIII,

5. Acetylation and Deacetylation of AChE by Phenyl Acetate

Rates in H,0 and four mixtures with D0 were measured as a function
of substrate concentration and the rates were extrapolated by the
Lineweaver-Burke expression to zero concentration (V/K) and infinite
concentration (V). The Michaelis-Menten parameters V/K and V signify the
bimolecular rate corstant between enzyme and substrate and the unimolecular
rate constant for the first product release from the Michaelis complex,
respectively. In the case of the phenyl acetate reaction, the V/K phase
corresponds to acyles ion and V phase is predominantly deacetylation.®®
The data are shown in Table XIX for the electric eel and the erythrocyte
enzymes. Figures 24 and 25 show the proton-inventory plots.

The overall solvent isotope effects are:

Koat (HOH) /K gt (DOD) = 2,42

0.03 eel AChE
2.28 + 0.11

erythrocyte AChE

H i+

(Koar/Kp) O/ (K a1t /Kp)POD = 1,46 £ 0.07 eel ACHE
1.61 £ 0.11 erythrocyte AChE

6. !'®0-Leaving Group and B-D Isotope Effects

Figure 26 shows the dependence of the inactivation of AChE on the
concentrations of %0~ and '®0-labeled IMN in the presence of 8.5 x 107 ° M
phenyl acetate. The slope of the lines gives Ki/ki[1 + ESJ/Km], from which
K. /K i the second-order rate constants, are calculated. Since the same
substrate concentrations were used for both isomers, the ratio of slopes
for '%0:'%0 gives the isotope effect '°®k:'®k = 1.06 + 0.03.37

Figure 27 shows the dependence for Cd - and CD,;~labeled isomers for
the inactivation of AChE by soman in the presence o% 8.5 x 1073 M phenyl
acetate.

Similarly, plots of inverse observed rate constants versus the
inverse of sarin concentrations are represented on Figure 28.

Seccnd~order rate constants for the inactivation of AChE by OP
inhibitors, for their isotopically labeled counterparts, and the respective
isotope effects are listed in Table XX, The data for the solvent isotope
effects measured for IMN are also included in Table XX.
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TABLE XVII. Primary Data for Elastase Innhibition by NPN.

Enzyme: Elastase, 2 x 1077 M,@ Sigma Lot No. 73F-81651

Substrate: N—succinyl-(Ala)3-p-nitroanilide, Sigma Lot No. 104F-5875
inhibitor: NPN, 1.5 x 1075 M, Source: synthesis IK8W17

guffer: Trizma, 0.05 M, Sigma Lot No. 32F-5010

Ionic strength: 0.017 M, 3% MeOH, 2% CH3CN

Temperature: 25.00 % 0.05°C,

n 10*S pL 10%kpg) S

0.00 6.25 8.43 2395, 2633, 2483,
2511, 2422

0.00 1.250 8.43 2737, 2651, 2721

0.253 6.25 8.45 1957, 2003, 1955

6.03 2015

0.253 1.210 8.45 2170, 2261

0.495 6.05 8.47 1803, 1832, 1842, 1832

0.495 1.210 8.47 2014, 1957, 2102

0.747 6.03 8.49 1621, 1594, 1593

0.747 1.10 8.49 1827, 1814

1.00 6.05 8.52 1349, 1363, 1380, 1400

1.00 1.21 8.52 1625, 1633, 1534, 1659

qpctive site titration by NPN
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TABLE XVIIIa. Second~order Rate Constants and Solvent Isotope Effect
Information for Inactivation of Serine Proteases by NPN at 25°C and
Appropriate pL.a

Enzyme (pH), (k{/K;)HoH (ki/Ki)pop> 1 82°
kHOH/kDOD M-‘S-'(SD) M-‘S-I(SD) (Sh) (SD)
Chymotrypsin (7.45) 2260(59) 1178(17) 0.57 0.93
1.92 + 0.06 (0.06) (0.09)
Elastase (8.45) 1840(50) 1120(20) 0.77 0.66
1.65 = 0.05 (1.03) (1.15)
Trypsin (8.48) 264(8) 145(3) 0.58 0.93
1.83 £ 0.06 (0.04) (0.05)
Subtilisin (8.140) 1330(49) 721(20) 0.50 1.07
1.85 = 0.07 (0.03) (0.05)

SFor chymotrypsin, a value approximating the pH of maximum rate was
used. For other enzymes, a pH in the pH-independent region was
chosen. Corresponding pL in mixtures of HOH and DOD was achieved by
employment of constant buffer ratios.

Fractionation factors.

TABLE XVIIIb. Second-order Rate Constants and Solvent Isotope Effect
Information for Inactivation of Serine Proteases by MPN at 25°C and
Appropriate pL.

Enzyme (pH), (Ki/K; ) HoH» (ki/K{)pop> o1 do
Kon/ Do M s *(SD) M *s™*(SD) (SD) (SD)
Chymotrypsin (6.90) 0.870 0.410 0.40 1.17
2.12 + 0,05 (0.016) (0.005) (0.02) (0.05)
Elastase (8.43) 3.19 1.59 0.51 0.97
2.01 £ 0.15 {0.20) (0.08) (0.07) (1.10)
Trypsin (8.50) no reaction observed

- (Ki/Kj.< 0.1 M *s™*)

Subtilisin (8.40) 2.57 1.24 0.50 0.96
2.06 = 0.05 (0.01) (0.02) (0.08) (0.13)

%For chymotrypsin, a value approximating the pH of maximum rate was
used. For other enzymes, a pH in the pH-independent region was
chosen. Corresponding pL in mixtures of HOH and DOD was achieved by
employment of constant buffer ratios.
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TABLE XIX. Kinetic Parameters? in Mixed Isotopic WatersP for
Hydrolysis of 0.8-8.2 mM Phenyl Acetate by Acetylcholinesterases at pH
7.60 and Equivalent® at 25.00 = 0.05°C.

Electric Eeld Red Blood Cell®
Atom Fraction 1078 v, 10%/K, 107 Vv, 10°V/K,
of Deuterium
(n) Ms™! s™¢ Ms™!* st
0.000 403(3) 168(2) 181(6) 152(7)
0.238 350(6)  153(4) 155(3)  142(3)
0.475 293(1)  139(3) 134(3)  122(5)
0.713 232(2) 130(3) 104(1) 110(2)
0.950 180(2) 117(3) 86(0.5) 101(2)

Maximal velocity V and its ratio to substrate concentration at half-
maximal velocity V/K, determined by extrapolation from data at no
less than three substrate concentrations, each velocity reproduced
at least three times. Errors in parentheses are standard deviations.

bCom:aining i percent by volume of methanol.

CAll solutions contained 0.0434 M K,HPOy, 0.0066 M KHoPOy.

dsigma v-S, 10 units/L.

€sigma XIII, further purified, 12.5 units/L.
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Figure 24. Proton inventory for the reaction of phenyl acetate with
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68




14 T Y T T T —
i J
o
3 9
< .
i Q
0
3 L
] @
o
) ~
] N
4 Y B 1 A o
) 10
N

Figure 25. Proton inventory for the reaction of phenyl acetate with
AChE (RBC).

69

n, atom fraction deuterium




Figure 26.

Inactivation of AChE by IMN.
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Figure 28.

Inactivation of AChE by sarin.
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7. Hydrolytic Reactions of 4-Nitrophenyl 2-Propyl Methyl-phosphonate
(IMN).

Figure 29 demonstrates the dependence on pH of aqueous hydrolysis of
IMN. In the strongly basic solutions in these experiments, hydroxide ion
attack predominates, with a second-order rate constant of 14 M™! g™! at
25°C.

Hydrolytic reactions of IMN were also studied in phosphate buffer in
the concentration range 0.05-0.2 M, at KoHPOy/KH,POy: 6 (pH 7.65) and 1 (pH
7.2) and at temperatures 52-73°C to facilitate the reaction. The rate law
under these conditions includes the following terms:

Kobs = K,0lH20] + kyo-[HO™] + Kipoy=(HPOY™] + kzﬂpou“tﬁgpou_]

At any particular constant ratio of K2HPou:KH2Pou, a plot of the dependence
of the hydrolysis rate on phosphate concentration yields the terms for
water and hydroxide attack as intercepts and the slope equals kHPO (fb) +
ky po (1-fp), where fp is the fraction of HPOy . The general acid
catalysis by H2P0u~ of aqueous hydrolysis is negligible. As it is portrayed
in Figure 30, the intercept is very small and poorly defined, the values
are 4,2 * 1.5 and 5.4 £ 0.6 x 107¢ s~!', at 65°C, for fy, 0.5 and 0.86,
respectively, which correspond to “25% specific base hydrolysis and 75%
water attack. From the slope of the two lines at fb 0.50 and 0.86, the
catalysis constant kypy = 1.05 x 107" M™! s ! can be calculated. The much
smaller rate constant, ky pg » cannot be evaluated.

The temperature dependence of the rate constants for phosphate-
catalyzed hydrolysis of IMN at pH 7.65 is shown in Figure 31. The Eyring
plots for first-order hydrolysis rate constants are shown in Figure 32.
The activation parameters calculated from the Eyring equation for hydroly-
sis of IMN at different phosphate concentrations are shown in Table XXI.

8. Solvent Isotope Effects for the Aging and Spontaneous Reactivation of
2-Propyl Methylphosphonyl~AChE

The aging reaction of 2-propyl methylphosphonyl-AChE has been
reported to be relatively slow and acid-catalyzed with a pH maximum around
5.2% It is also known to be species-dependent. We began with a preliminary
investigation of the pH dependence of this reaction. At pH 7.7 and 25°C,
the aging of 2-propyl methylphosphonylated AChE (from the electric eel)
took place with a half-life of 13 hours, kg,s = 8.8 x 107" min™'. At
lower pH, U4.2-5.3, enzyme instability prevented us from conducting kinetic
measurements. The solvent isotope effects were measured at pH 6.4, pD 6.9,
and 37°C, where rates were followed conveniently for 8 hours.

We also established that inhibited AChE can be reactivated with
either 0.1 or 1 mM solution of tetramethyl benzidine (TMBY) at pH 7.7 in
0.05 M phosphate buffer in 10 minutes at 25°C to 60-70% and at 37°C to 70~
80% of the AChE activity. This 20-40% loss of enzyme activity has been
measured with controls and appears to stem from an inhibition of AChE
activity toward substrates such as acetylthiocholine (ACTCh), which is used
in the Elilman assay. The hydrolysis of ACTCh is also catalyzed by the
oxime, TMBY4, which requires a slight correction (5% of the rate) when a
0.1 mM concentration is used in the assay mixture.
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pH dependence of the aqueous hydrolysis of IMN.
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Phosphate-catalyzed hydrolysis of IMN at three temperatures.
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TABLE XXI. Activation Parameters for Nonenzyuwic Hydrolysis of IMN.

Phosphate AHY, Kcal mol™! (SD) ast, e u (SD)
<onc, M

0.182 17.35  (0.52) ~24.8 (1.6)
0.140 17.17  (0.41) ~25.9 (1.2)
0.098 17.01  (0.90) ~27.0 2.7
0.049 17.82  (0.25) ~25.8 (0.7)
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2~-Propyl methylphosphonochloridate has been used initially for
inhibition; however, some slow inhibitor or its hydrolysis product contami-
nating the compound, obtained from commercial source. This contaminant
apparently prevented reactivation to any measurable extent in our
experience. The much purer isosteric phosphonohalide, sarin, has given good
results in the protocol described in the Experimental Procedures.

Figure 33 shows the time course of AChE activity for spontaneous
reactivation and reactivation by TMB4, and for their difference in water
and in heavy water. AChE activities are indicated in units of OD/min (ACTCh
hydrolyzed). Figure 34 gives the semilcg plot of the aging reactions in H20
and in Dy0. Figure 35 gives the data for aging of the Hg and Dg isopropyl
compounds. The slopes of the lines for aging in water and in heavy water
and for the AChE adduct containing Dg in the methyl groups of the isopropyl
moiety give the first order rate constants listed in Table XXII, which also
contains the values of the solvent and B-secondary deuterium isotope
effects.

9. !®0-Exchange in the Aging of Soman-inhibited AChE from the Electric
Eel

AChE (1 nmole, 1,000 units) was inhibited with 20 nmol soman in 0.11
ml pH 7.65, 0.05 M phosphate buffer 45% in H,'%0. The solution was incu-
bated at 25°C for 30 minutes to allow the aging reaction to be completed.
The pH was then raised to 10.00 by the addition of 0.1 M TAPS buffer, which
brought the volume to 1 ml. Excess soman was thus destroyed rapialy. The
dimethyl-2-butanol product, which is reported to be 40% of all products of
aging,®' was then extracted with CH,Cl,, dried and concentrated. A 1ul
sample of the solution was used for separation by gas chromatography (GC)
on a DB5 column and the eluent was introduced into the mass spectrometer.
Incorporation of '°0 was monitored in the (CH3),COH fragment by measuring
the 59:61 ratio. Figure 36 shows a mass fragmentogram A U42:3% '®0 content
can be calculated from the mass-spectral results, which compares well with
the 45% !'%0 content of the reaction mixture for aging.

10. Solvent Isotope Effect for the Nucleophilic Reactivation of AChE
Inhibited by Sarin

Figure 37 gives the time course of reactivation in H,0 and in D,0 in
the presence of 8.3 x 10°° M pralidoxime chloride (2-PAM). Enzyme activi-
ties are plotted in units of OD/min ACTCh hydrolyzed. The rate constants,
calculated from the nonlinear least—-squares fit of the data to the first-
order rate law, are listed in Table XXIII.

A similar procedure to what has been used in the aging studies has
also been used for studies of reactivation and is detailed in the Experi-
mental Procedures. Figure 38 shows the time—course of reactivation in H20
and D50 in 5.7 x 10°“ M TMBY4. Enzyme activities are plotted in units of
OD/min ACTCh hydrolyzed. The kinetic profile is not of a simple pseudo
first-order reaction giving a constant infinity point. Instead, it has the
characteristics of a quick equilibrium followed by a slower reaction, i.e.,
a shifting equilibrium The tangent drawn to the semilog plot of the last
points of the reaction in D70 gives infinity values (Aj) for each time
soordinate where an enzyme activity measurement was taken (At)' Therefore,
(AifAt) gives the difference in enzyme activity between the equilibrium
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TABLE XXII. First-Order Rate Constants and Isotope Effects for the Aging
of L_-2-Propyl Methylphosphonyl-~AChE (Electric Eel, L=H,D) in pH 6.43
(pD 6.93), 0.13 M Phosphate Buffer

Isotopomer Solvent Temp, °C 103ka(SD), m_1 Isotope Effect (SD)
Hs HOH 37.5 7.0 (0.2)
D6 DOD 37.5 5.8 (0.2) 1.20 (0.06)
H6 HOH 37.3 5.0 (0.4)
D6 HOH 37.3 4.7 (0.6) 1.08 (0.16)

TABLE XXIII. Pseudo-First-Order Rate Constants and Solvent Isotope Effects
for the Reactivation of 2-Propyl Methylphosphonyl-AChE (Electric Eel) by
Oximes in pH 7.60 (pD 8.10), 0.05 M Phosphate Buffer at 25°C.

. 5 . 3 -1 3 -1 ,
Oxiume 10 {Oxime]l, M 10 kHOH (sD), m 10 kDOD (sD), m KHOH/‘DOD (sSD)
2-PAM 8.33 45.6 (4.3 43.1 (5.2) 1.06 (0.15)
2-PAM 16.7 78.0 (9.3) 78.1 (8.4) 1.00 (0.1%)
2-PAM 32.3 148 (16) —— ——
TMB4 5.7 8.19 (0.14) 5.12 (0.19) 1.60 (0.06)
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value at infinity and the corresponding value at time t. Figure 39 shows
the semilog plot of (A;~A4) as a function of time, which abides by a first-
order form, and the slopes give the rate constants. The rate constants and
isotope effects from these data appear in Table XXIII.

11, Chemical Model Reactions for Aging

Structural analogs of sarin (R = isopropyl) and soman (R =
pinacolyl) were subjected to methoxide attack in methanol or acetonitrile
and the appearance of their low molecular weight products was monitored by
gas-liquid chromatography (GLC). As shown in scheme I, production of an
alcohol would entail P-0 bond cleavage, whereas C—-0 bond cleavage should
result in the formation of the methyl ester of the leaving alcohol. These
compounds were used here as models of the serine phosphonylated enzymes.
The nonenzymic basic decomposition mode of models were looked at for
comparison to the enzymic reaction.

I. Isopropyl methyl methylphosphonate (IMPP) was prepared in situ from
isopropyl methylphosphonochloridate in methanol with sodium methoxide. The
sodium chloride byproduct was filtered out and the ~0.3 M methanolic
solution of IMMP with two equivalents of sodium methoxide was sampled on a
Porapak Q column. No evidence of any reaction was obtained after a day.
The reaction volume was then reduced to half and two more equivalents of
sodium methoxide was added with 0.1 mol 1,4,7,10,13,16-hexaoxacyclooctane
(18~crown-6) to facilitate the dissolution of sodium methoxide, The
appearance of a peak was followed through 50 hours; the mixture was then
heated to 40°C and refluxed for 72 hours until no more increase in the iso-
propanol peak intensity was discernible. Addition of ~1.5 mol 18-crown-
6 brought about the dissolution of all sodium methoxide and the clear
solution was further kept at 40°C for several hours. This did not change
the peak intensity, nor did it bring out any other peaks. The retention
time of the product was identical with that of isopropanol and spiking with
isopropanol resulted in complete overlap with the product peak., An
isopropyl methyl ether standard for GLC was also prepared from sodium
isopropionate in excess isopropanol and methyl iocdide. The retention time
of this compound was distinctly different from that of the p »duct of the
methoxide displacement reaction. These ethers seemed to be iistant to
basic¢ hydrolysis.

II. EPPP (1 mmol) and 0.5 mmol 18-crown-6 were dissolved in dry aceto-
nitrile and an aliquot was drawn and injected to a free fatty acid phase
(FFAP) column. Sodium methoxide (1 mmol) was added and the mixture was
stirred for 3 days with intermittent sampling., Another 0.5 mmol 18-crown-6
was also added after 5 hours, but no reaction could be detected in 2 days.
Then the mixture was heated in a bomb to 50°C for 1 day, which resulted in
the production of pinacolyl alcohol. Identification of the product was
based on matching the peaks of the product and of pinacolyl alcohol and on
spiking the product with pinacolyl alcohol before analysis. A pinacolyl
methyl ether standard has also been made as described for the isopropyl-
methyl ether. The retention time of the methyl ether was significantly
different from that of the product or of pinacclyl alconoi.

III. Another structural analogue dipinacolyl propylphosphonate of soman

was subjrcted to methoxide attack in methanol and the low mclecular weight
products of the reaction were monitored by GLC.
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Dipinacolyl propylphosphonate, 1 mmol; (18crown-6), 1 mmol; and
sodium methoxide, 1 mmol, were dissolved in dry acetonitrile and ref luxed
at 40°C for several hours, which resulted in the production of pinacolyl
alcohol. The reaction was monitored by the injection of aliquots into an
FFAP column. Identification of the product is based on peak-matching with
pinacolyl alcohol and on spiking with pinacolyl alcohol. Pinacolyl methyl
ether has also been synthesized, and the retention time of this species was
found to be markedly different from that of the product.

12. Molecular Graphics Modeling of the Interactions of OP Agents with
Serine Proteases

Figure 40 shows the plotted computer—screen image of the x-ray crys-
tallographic topograhy of the catalytic triad and the binding site of the
DFP-inhibited trypsin as retrieved from the Brookhaven datva base.

The interaction of the U4-nitrophenyl and propyl groups with the
trypsin active site on inhibition of trypsin with NPN has been modeled for
both optical isomers, i.e., P(R) and P(S), on the serine-phosphonylated
adduct. The oxygen on phosphorus was oriented toward the oxyanion hole and
the two other ligands were rotated to optimal distances from the active
site protein residues. As Figure 41 shows, the specificity pocket is large
enough to accommodate either orientation of the U-nitrophenyl group.
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Figure 39. Evaluation of the first-order rate constants for reactivation
from data in Figure 38.
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Figure 40.
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Figure 41.
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E. Discussion

1. Rates, Solvent Isotope Effects and Proton Inventories for AChE
Inhibition by OPs '

In the concentration range of the inhibitors in this investigation,
saturation of AChE by any of the inhibitors has not been detectable;
therefore, deductions can be made only about the nature of the bimolecular
combination of AChE with the appropriate agent.

The rate accelerations observed for the OP inhibition of AChE in pH
7.7, 0.0 5M phosphate buffer are of the order of 10'! times faster than the
corresponding general base-—catalyzed hydrolyses for all three inhibitors.
Enzymic acceleration of the hydrolysis of acetylcholine, the natural
substrate, is 10'® by AChE.'® Thus these OP compounds seem to mobilize 60%
of the catalytic power of AChE. The second-order rate constants for the
inhibition of AChE by the inhibitors are given in Table I and II. The
differences in potency can be related to the electronic characteristics of
the leaving groups and beyond to the capacity of the other ligands for
proper steric and hydrophobic interactions with the ~nzyme.

The reactivity of AChE with three reagents is remarkedly different.
The rate constant for soman in Table I is larger than what has been
reported®? and it is 3,000 and 200,000 times larger than those of MPN and
NPN, respectively. Soman is 10" more reactive toward the nucleophile of
AChE than toward hydroxide ion (kOH ~ 20)."° An approximate value of K, =
5-8 x 10”7 M and an estimate for the phosphonylation rate of k, = 0.572°¢
have clearly shown that the predominant factor in catalysis is the high
affinity of soman for AChE. MPN reacts with AChE at comparable velocity to
that of paraoxon®® and 3 times faster than diisopropyl-fluorophosphonate
(DFP). This might partially reflect the similar length of the n—-propyl
group in MPN to those of the ethoxy and isopropoxy groups in paraoxon and
DFP, respectively, for hydrophobic attachment to the AChE transition state.
The other opposing factors may cancel out as follows: the methoxy substit-
uent may not provide as much transition state stabilization as the other
substituents, but MPN is a phosphonate with greater electrophilic character
of the phosphorus than is present in an analogous phosphate. The second-
order rate constant for MPN with hydroxide ion is 0.210 + 0.001 M ' s™ !,
relative to which AChE enhances its reaction with MPN by 1,770 fold.
Replacement of the methoxy group of MPN by a bulky p-nitrophenoxy moiety,
as in NPN, creates a surprisingly poor inhibitor of AChE. The inductive
effect accompanying this change would be expected in the opposite direc~
tion, making MPN less reactive, as is seen in their hydrolysis rates. The
second-order rate constant for NPN with AChE is almost the same as with
hydroxide ion (an approximate value is 3 M ! s™!'), This organophosphonate
presumably is sterically unfit to use most or all of the catalytic capabil-
ity of AChE.

Solvent isotope effects on all inhibition reactions of AChE are
smaller than typical values of one proton transfer in general acid—-base
catalysis (2.5).?! Such small effects are frequently observable when
acid-base catalysis is only partially rate-determining or when a general-
ized solvation, i.e., the transfer of protons from many solvent molecules
at the transition state, is in effect. In the latter case, an exponential
dependence of k™/k° on n ([DOD]/([HOH] + [DOD])), Otherwise, small solvent
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isotope effects can also result from complex mechanisms such as with
enzymes, when more than one rate-determining step occurs along the reaction
path. If one of these steps does not involve protonic reorganization while
the other does, then the weighted average of the two (or more) will give a
reduced effect. Physical steps such as induced-fit conformational changes
have been known to involve high energy barriers comparable to transition
states for covalent or protonic reorganizations. A rate-limiting diffusion
of substrate to active site precedes the reactions of AChE with its
natural substrate, whereas the acid-base catalytic steps presumably are so
fast that they are not revealed in a solvent isotope effect (1.0).%° A
small solvent isotope effect of 1.41 was measured with PA, another good
substrate, because an isotopically insensitive rate-determining induced-
fit conformational change dominates acylation.®»?»®® It is likely that
the induced-fit conformation change is also partially rate-limiting in the
inhibition of AChE.

The rate of phosphonylation by soman is similar to these acylation
rates (k, = 1.6 x 10® M"! s™! for acetylcholine and 1.76 x 107 M"! s ! for
PA) and also to the magnitude of the solvent isotope effects.® The rate
data at the midpoint, n = 0.5, gives Kk°+5/k° = 0.78 + 0.08 (1/1.28).
With the use of kP/k° = ¢T2 = 0.71, from eq. 1b, one calculates ¢T2 =
0.85 and k°+%/k°® = (1-0.5+0.5x0.71)2> = 0.85 + 0.08. The exponential and
linear models predict k°+5/k° = 0.84 and 0.86, respectively. Consequently,
it isdifficult to distinguish between the three models in a case like this
when the solvent isotope effect is so small. The transferring proton at the
catalytic transition state most likely is from the serine hydroxyl to the
histidine residue. As described below, the participation of a single-proton
transfer in catalysis, supposedly by the imidazole residue, of the de-
acetylation of acetyl—-AChE was observed. The enzymatic results can be
compared with a solvent Kkinetic isotope effect of 2.3 for the general base-
catalyzed hydrolysis of a bis-(4-nitrophenyl) phosphonate by imidazole,
which shows that the base~catalyzed attack of water is rate~determining.*?

Rates of inhibition of the erythrocyte AChE by both soman and Ui-
nitrophenyl methoxy n-propylphosphonate (MPN) are ~6 times slower than
those of the eel AChE. The solvent isotope effects, however, are very
similar around 1.5 and, as judged from one measurement at n = 0.5, they
probably are linear. Our previous observation with the eel enzyme' on the
dependence of the partial isotope effect on deuterium content in the
buffer was inconclusive with soman and clearly linear with MPN. The
difficulty involved in the distinction betwen quadratic and linear
dependence might be understandable if the very small value of the partial
isotope effect is considered. The distinction to be made is approximately
between 1.2 and 1.18, for which precision much greater than that obtainable
by the competitive method is needed. Thus the mechanism of phosphonylation
of the eel AChE and erythrocyte AChE 1is a partially rate-limiting
protolytic catalysis, most likely by one proton.

The temperature dependence of the eel AChE is similar in HOH and DOD,
i.e., the solivent isotope effect is nov sensitive to the temperature
gradient between 5° and U5°C. The activation enthalpy is the same within
experimental error in Hy0 and D,0 and the solvent isotope effect seems to
stem from the difference in entropy. Thus, contrary to common expectation,
the origin of the solvent isotope effect could be something else than the
change in zero point energies during reaction. It could be solvent
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reorganization that is isotope-sensitive. Proton tunneling has been found
to cause similar isotopic discrimination that is manifested in differences
in activation entropy of some reactions of proteases“?. Because of the very
small differences in rate between water and heavy water, the enthalpies and
entropies are very similar and the inference about the greater difference
in entropy than in enthalpy remains vague.

Activation Parameters. This information provides further aid in un-
raveling the character of the transition states for the hydrolytic de-
composition of OP compounds in enzymic and nonenzymic reactions.
Inactivation of AChE by soman and u-nitrophenyl diethyl phosphate
(paraoxon) involves AH* ~ 7°10 keal/mol and aS* 6—3 eu, as reported by
us?®® and Aldridge,"® respectively. For the phosphate-catalyzed hydrolysis
of IMN, we measured AH* 17.2 kecal/mol and AS" =18 eu; and for paraoxon,
Aldridge“® reported aH* 18,5 kcal/mol and AS -25.8 eu. Enzymic catalysis
is manifest in more favorable values for both enthalpy and entropy. The
entropy in the enzymic case is small and negative, supposedly because of a
much more 1loose structure of the transition state than in regular
bimolecular reactions.

2. Kinetic Isotope Effect Probes for the Inactivation of AChE®7:**

Precise measurements of these effects became possible through the
development of sensitive analytical techniques for the determination of
intact inhibitor used in the actual kinetic experiments. The most
satisfactory results for the analytical concentrations of soman and sarin
are obtained by the spectrofluorimetric technique for the difference in
active site concentrations between native and inhibited chymotrypsin.

The heavy atom, '%0 isotope effect is 1.06 + 0.3 and the secondary
deuterium effects are 0.90 x 0.0Y4, both indicative of extensive bond-
breaking processes occurring at the phosphorus atom in the transition state
for the inactivation of AChE.

The kinetic solvent isotope effects for the inhibition of AChE
measured so far all lie in the range 1.3-1.5, which suggests that general
base catalysis by the imidazole of the histidine residue at the active-site
is partially rate determining. These effects, together with the heavy atom
and secondary deuterium kinetic isotope effects, are supportive of the
proposition that extensive bond breaking and bond making take place at the
phosphorus atom in the transition state. They also suggest that steps
preceding covalent rearrangement are probably not rate-limiting, as in the
case of acylation of AChE,

In conclusion, results from both isotope effect probes and activation
parameters support a mechanism of phosphorylation, for the inhibitors
investigated here, in which imidazole-catalyzed attack by the active site
serine residue and breakage of the bond to the leaving group either occur
at the same transition state or have transition states with energy barriers
of similar magnitude,

3. Acetylation and Deacetylation of AChE by Phenyl Acetate

The proton inventories for some substrate reactions were studied for
comparison with the results obtained with the inhibitors. A meaningful
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interpretation of the inhibition data requires the knowledge of the
behavior of typical substrates with the same probes.

The proton inventory data give the appearance of linearity and thus
of one-site catalysis throughout. This is substantiated by statistical
treatment, None of the plots can support a second-order term in n at a
confidence level above 90%.

For the V/K effects, which are around 1.5, it might well be true that
contributions from other sites are concealed in the noise of the fit. Thus
one cannot exclude strongly multi~site contributions to these isotope
effects.

The V effects are more easily interpreted, especially that for the
eel enzyme. The straightforward interpretation is that one pro-tonic site
and one site only is involved in catalysis. The real test as to whether the
data can, on the other hand, accommodate a second-site contribution to the
isotope effect is to obtain a best-fit set of parameters (fractionation
factors) to the two-site form of eq. 1:

Kn/kg = (1 = n + n¢q) (1 - n + nép). b

When this expression was used to fit the data for the electric-eel enzyme,
the values obtained for the parameters were: ¢4 = 1,03 £ 0.04; ¢ = 0.40 =
0.02. Since one of these values is unity, the isotope effect is in fact,
even on a two-site model, arising from a single site. A similar fit for the
erythrocyte-enzyme data yields values of 0.87  0.15, and 0.50 % 0.10.
Again, one factor is within experimental error of unity and the effect
comes essentially wholly from the other site. The data thus indicate no
concealment of a second-site contribution within the noise of the observed
linear dependence. Rather, they favor one-site catalysis.

It is known from the work of Froede and Wilson“® that kc for the

el---»ic—-rel enzyme is not wholly determined by one step, but rather that
3 ~iation and deacylation contribute, with the weighting factors
ve.ng . for acylation and 0.74 for deacylation (thus deacylation is "T7u4%

rate-limiting"). When using these weighting factors and the assumption of
more than one proton catalysis in the deacetylation step, a curvature is
generated that is inconsistent with the experimental result. If, however,
one uses thz solvent isotope effects for V/K and V along with the weighting
factors for a one-proton catalysis in each step, the agreement between
calculated and experimental points is excellent”3, Deacylation thus
appears to involve one-site catalysis.

4. Inhibition of Serine Proteases®?

Kineties and Stoichiometry. In our kinetic studies of the inac-
tivation of these four serine proteases by soman, bis-lY-nitrophenyl n-
propylphosphonate (NPN), and MPN, no departure from second-order kinetics
wag observed, Up to the highest concentrations employed-by us (around 10
uM), there was therefore no sign of saturation through the formation of
enzyme-reagent complexes. Although these complexes probably form, their
dissociation constants apparently exceed about 100 uM.

Both NPN and MPN liberated 1 mol of p-nitrophenol per mol of enzyme-
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active sites upon inactivation of the enzymes. This is an indication, for
both reagents, that phosphonvlation of only the active-site serine is
occurring, and for NPN, that after initial phosphonylation of serine, the
liberation of a second mol of UY-nitrophenol occurs relatively slowly, if at
all. Liberation of a second leaving group, when one is present in the
derivatized enzyme, is known for other reagents“® and is called "aging."
Aging thus appears to be slow for UY-nitrophenyl n-propylphosphonyl enzymes
("NP-enzymes"), a feature we will attempt to explain below.

Specificity. Some specificity is observed in these reactions: Lach
reagent discriminates among the four enzymes, and each enzyme reacts
differentially with the three reagents. Becsuse the structures of these
enzymes and the interactions responsible for their substrate specificity
are so well understood, some conclusions are possible about the origins of
the rate differences.

ror example, the presence of the second aryloxy group in NPN (as
opposed to the methoxy group in MPN) is obviously advantageous: NPN reacts
with every enzyme at least U400-fold more rapidly than MPN. With
chymotrypsin, trypsin and subtilisin, a logical hypothesis would have been
that this aromatic group inserted itself into the "pocket" that
accommodates a relatively large C-alpha side chain of the natural substrate
for each of these enzymes. This hypothesis is excluded by the large rate
constant for elastase; only a small "pocket" is present in the active site
of this enzyme, not capable of accepting a p-nitrophenyl group.

An alternative hypothesis we favor is that the second aryloxy group
binds to one of the Nacyl binding sites which normally accommodates the
amide linkages of residues along the "polypeptide tail" of the natural
substrates. The rate factor of 400 or more between NPN and MPNwould then
arise rom the loss of transition-state binding energy of 3.6 kcal/mol or
more when p-nitrophenyl is replaced by methyl. It may further be suggested
that the mpropyl group occupies the C-alpha side-chain pocket; this is
clearly possible with chymotrypsin, trypsin and subtilisin, while it should
be possible with elastase to orient the (relatively small) n=propyl group
to lie in the depression which customarily accommodates the C-alpha methyl
group of an alanine residue.

This idea has stereochemical consequences. First, with MPN, binding
of the n-propyl group in the C~alpha pocket and the aryloxy group at an N-
acyl site forces the methoxy group into the site opposite (across the
phosphorus from) the serine hydroxyl., Since the serine hydroxyl probably
cannot displace this relatively poor leaving group, this is an example of
"wrong-way binding." The compound must rebind with the methoxy and aryloxy
groups exchanged in order to allow the displacement reaction. If this
occurs, the S-enantiomer of this chiral compound should be able to react
faster. We are now in the process of testing this prediction.

The concept explains the failure of the NP-enzyme to age rapidly. The
aryioxy leaving group which must depart in the aging reaction is held in
the N-acyl binding site, presenting the oppesing face of the phosphorus
(the target of a backside, "orn-line" nucleophilic attack) to a part of the
active site distant from the active-site nistidine. The latter is the
likely nucleophile for the aging reaction, and the enzyme thus cannot age
without interruption of favorable interactions.
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Soman is not as efficient an inhibitor of the serine proteases as of
the AChEs. Its stereochemical resolution by chymotrypsin has been
observed"’? and used. Subtilisin BPN' is much more poorly inhibited by soman
than chymotrypsin is and the stereoselectivity of this reaction is unknown.

Recruitment of Acid-base Catalytic Machinery. The solvent isctope
effect and proton-inventory results for all systems studied are essentially
the same; the overall solvent isotope effects are in the range 1.7-2.1 and
the proton inventories are linear, indicating that the solvent isotope
effect arises from a single transition-state site. This is exactly the
result which is obtained with serire proteases and substrates!® !¢ which do
not adequately simulate the natural polypeptide substrates; an overall
solvent isotope effect, around 2 in magnitude, produced by a single site in

. the transition state. It is true that the demonstration of one-site

catalysis for elastase with NPN is not convincing because the two-site fit
gives very large errors. Nevertheless, in the context of the other results
and with recognition of the good linear fit of the elastase data, there is
no basis for assuming any more complex model for this enzyme.

With both truncated peptide—analogue substrates, which give one-site
catalysis, and the inhibitors, the most straightforward assumption is that
the single site involved in acid~base catalysis is the hydrogen bridge
between the active-site serine hydroxyl and the imidazole nitrogen of the
active—gite histidine. This component of the catalytic power of the enzyme
has therefore been recruited by the organophosphorus reagents. The
likelihood of this interpretation is further increased by the dependence of
the rate on what is apparently the histidinium ionization, as seen in the
pH/rate profiles“Ss*e,

On the other hand, the inhibitors have not recruited the multi-proton
catalytic capability of the enzyme, seen with good simulators of the
natural substrates!®»!?, Oligopeptides of sufficient length usually
"couple" the acid—base catalytic entity of the serire proteases to produce
multi~proton catalysis and therewith nonlinear ("bowl-shaped") proton
inventories. Since the inhibitors, even in the cases with the greatest
rates, give 1linear proton inventories, the multi~proton component of the
catalytic apparatus remains unrecruited.

5. Comparison of AChE and Serine Protease Catalysis

a. Substrates

Mechanistic analogies between the serine proteases and AChE do not
extend to the acid-base catalytic machinery and its activation by the
natural substrate structure of the enzyme.

b. Inhibitors

I. Soman and sarin react with AChEs by a rapid, perhaps complex,
mechanism with 1ittle protonic involvement in catalysis. The data are
consistent with either a rate~determining ind'ced-fit conformational change
accompanied by solvent reorganization or a "solvent-bridge" type of acid-
base catalysis. In this later type of protolytic catalysis, the proton has
a pussive role, it transfers with relatively small mot.:on in the reaction
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coordinate. The inhibition of serine proteases by soman is not as efficient
as with the AChEs and proceeds with the recruitment of one-~proton
catalysis, presumably by the active-site imidazole.

II. MPN reacts efficiently with the AChEs, but very poorly with all
serine proteases and uses the participation of one proton on the enzyme
active site.

III. While NPN has been found to be a poor inhibitor of eel AChE, it is
very efficient with all serine proteases. One-proton catalysis is observed
for the serine proteases provided, presumably, by the active-site
imidazole.

6. Nonenzymic Hydrolyses of Phosphonate Esters™!?

The activation parameters calculated from the Eyring equation for
hydrolysis of IMN at different phosphate concentrations are shown in Table
II. The enthalpies are indistinguishable within experimental error at 17.2
kecal/mol. The entropies are -18 eu when the correction is applied to bring
them to the 1 M standard state for phosphate dianion. Entropies of this
magnitude can arise from tighter transition state structures than expected
when based on just the loss of translational and rotational freedom on
reaction. These negative entropies can originate from a greater degree of
structural order of water molecules at the transition state compared to the
reactant state. Phosphate dianion, the predominant catalyst under the
experimental conditions, seems to act as a nucleophile in this reaction
much as bis-4-nitrophenyl methylphosphonate, studied by Brass and Bender.?®"
Further support for this claim comes from the solvent isotope effects for
this reaction, measured at 56 and 70°C to be 1.11 and 1.15, respectively.
The low extent of the solvent isotope effect is consistent with the lack of
proton transfer, i.e.,, no general catalysis, at the transition state.

Further characterization of the transition-state properties of non-
enzymic hydrolytic reactions of IMN will include studies of general base-
catalyzed hydrolysis by imidazole, for which the !0 leaving group effect
may also be determined. A direct comparison of the transition-state
structure for such an appropriate nonenzymic model to the available infor-
mation on the nature of the transition state for inhibition of AChE by not
only IMN but other organophosphonates will be truly revealing.

7. Solvent Isotope Effects for the Aging of AChE Inhibited by Sarin

The aging process for this inhibitor does not seem to involve an
extensive solvent isotope effect. This information was needed for a
characterization of the nature of enzymic catalysis involved in
dealkylation of the phosphorylated AChE. A solvent isotope effect of 1.2 %
0.06 may arise from a general acid catalysis of the departure of the
isopropyl group by the imidazolium ion, which occurs with a low frequency
motion of the hydronium ion at the transition state. Alternatively, it may
not involve proton transfer at the transition state, but it may stem from
solvent reorganization. The B~deuterium isotope effect for six deuterium
atoms, between 1.2 and 0.85, is consistent with a farily small degree of
rehybridization toward sp2 character, which is expected for a transition
state with a slight carbonium ion character.
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%0 Exchange Studies of Aging of Soman-inhibited AChE

The results of these experiments is essentially complete
incorporation of the '°0 label from the labeled solvent into the pinacolyl
moiety. This is in agreement with the previous finding®! of tritium
incorporation from *H,0 into reaction products of aging of soman-inhibited
AChE. The exchange studies lend support to a mechanism in which water traps
an intermediate carbonium ion. The carbonium ion is likely to be derived
directly from the aging process.

9. Solvent Isotope Effects for the Nucleophilic Reactivation gg»Sarin;
inhibited AChE

The nucleophilic reactivation of sarin-inhibited AChE by 2-PAM is
associated with a solvent isotope effect of one within experimental error.
This is exactly what might be expected for a protolytically unassisted
nucleophilic reaction.

In the nucleophilic reactivation of sarin-inhibited AChE by TMBY4, a
phosphonyl oxime is generated along with the free enzyme. The oxime formed
from sarin and TMB4 is an even more potent inhibitor of AChE than sarin is;
therefore, it rapidly inactivates the liberated enzyme. The equilibrium
formed initially, however, is slowly offset by the decomposition of the
oxime of sarin. The reaction follows the rate iaw for a preequilibrium
consecutive scheme in which the slow second step dominates the late phases.
From the slow portion, the rate constant for the decomposition of the oxime
can be calculated and used for the generation of the apparent infinity
values at the earlier points in the time course of reactivation. By such a
technique the rate constants for the reactivation can be calculated. The
solvent isotope effect calculated from the rate constants indicates some
solvent reorganization in the course of reactivation.

10. Chemical Modeling of Aging

The methoxide displacement reactions of isopropanol and pinacolyl
alcohol from methyl isopropyl methylphosphonate, EPPP and the sterically
hindered compound dipinacolyl propylphosphonate respectively, in methanol
were surprisingly slow. In all cases, bond cleavage took place at the P-0
bond to the branched alcohol, although, a slight amount of methyl ethyl
ether was also generated from EPPP indicating an SN, attack at ~CH,CH,.
The dipinacolyl derivative is free of labile alcochol fragments other than
the pinacolyl group to be split off from the phosphonate. If indeed the
process of aging goes with C-0 bond cleavage and follows a different
mechanism when catalyzed by AChE, which is different from the alkaline
hydrolysis; it is most likely not a simple nucleophilic displacement or
caused by a basic residue on the enzyme.

11. Molecular Graphics Modeling of the Interactions of OP Agents with
Serine Proteases

An explanation of the higher reactivity of the P(S) isomer of soman
over that of the P(R) isomer with chymotrypsin will be attempted by visual
inspection and energy calculations of the interactions between the enzyme
and each isomer. For reliable molecular mechanics calculations of the
energy differences, the macromolecule will be completely hydrated and the




phosphonate fragments will then be inserted into the active site. Thus the
nonbonded energies between protein and water and inhibitor and water will
also be included in the energy profile. These interactions can also be
significant and make a difference in the stability of the diastereomers of
serine hydrolase-0P adducts. The calculations involved, however, are not
trivial and can not be completed within the remainder of this project,
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F. Experimental Procedures

UV and Visible spectra were recorded on either a Cary 118, Cary 16,
or Perkin Elmer Lambda-7 spectrophotometer. Nuclear magnetic resonance
(NMR) spectra were obtained with a Varian T-60 spectrophotometer. GLC
measurements were carried out on a Varian Aeroproph instrument. Capillary
melting points were obtained on a Thomas~Hoover apparatus.

GLC sorbents were Porapak Q and FFAP. Porapak Q is a nonpolar porous
polymer of small pore sire composed of ethyl vinyl benzene cross-1linked
with divinyl benzene. FFAP is a chromosorb, w 80/100, solid~coated with
10% nitrophthalic acid on Carbowax 20 M. Thin layer chromatography (TLC)
was carried out on an Analtech GF 1000 silica gel plate.

Materials. Inorganic salts, buffer components and preparative
reagents were reagent-grade chemicals, which were used as purchased or
dried, recrystallized, or distilled as necessary. HOH was distilled,
deionized, and degassed with nitrogen. DOD (99.9 % deuterium, Norell, Inec.,
Landisville, NJ) was distilled (100-102°C fraction) and stored under
nitrogen. Acetonitrile for stock solutions of kinetic measurements was
purified by a three-step procedure"®. Absolute methanol used in kinetic
measurements was also distilled from magnesium turnings and benzoic
acid.®® PA (Eastman Chemicals, Kingsport, TN) was purified by column
chromatography and vacuum distillation, N-succinyl-(Ala);-p-nitroanilide
was purchased from Sigma Co. (St. Louis, MO) and used without further
purification. GLP was a gift from Professor A. Barth and his coworkers.

The starting materials, n-propylphosphonodichloridate, pinocolyl
alcohol, and isopropyl methyl-phosphonochloridate, were purchased from
Aldrich Company (97% purity) and were used without further purification.
Potassium p-nitrophenolate was synthesized by us earlier?? and purified by
recrystallization from dry methanol followed by drying over P,05. AChE
from the electric eel organ, 1000 unit/mg, and chymotrypsin type 1II from
bovine pancreas were obtained from Sigma Co.

Methyl or ethyl n-propylphosphonochloridate

This synthesis is an adaptation of reported methods.®®*%! The n-
propylphosphonodichloridate, 0.11 mol, was stirred vigorously in 50 ml
pentane under N, while 0,095 mol each of dry lutidene and methanol, or
ethanol, in 50 ml of pentane was added dropwise over a 1 hour period.
Stirring was continued for 48 hours and then the solid was filtered and
washed well with pentane. The supernatant was evaporated at reduced
pressure and the product distilled to give 10.0 g (67%) of an oil, bp.
75°C, 3.2-4 Hg-mm. The distilled product was estimated to be 70% of the
methoxy compound by NMR. NMR: CC1,, 2% TMS, 6 0.8-1.4 (m, 3H, CH,), 1.4~
2.9, (m, 4H, CH,-CH,), 3.85 (d, 3H, OCH,) J (P-H) = 11 Hz.

Ethyl pinacolyl n-propylphosphonate

Pinacolyl alcohol, 7.2 mmol in 5 ml of dry pentane, was stirred with
4.7 mmol (1.3 equivalents) NaH (washed with pentane) overnight. To this
mixture, 3.6 mmol ethyl n—-propylphosphonochloridate in pentane was added
dropwise and tne mixture was allowed to stir overnight. The reaction
mixture was centrifuged, the supernatant removed, the residue filtered and
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washed with pentane. The pentane solution of products was treated with
a small amount of Dowex 50 x 8 50 mesh (Biorad), and the solvent removed
under reduced pressure., The pinacolyl aleohol-free product distilled at
95°C, 1.2 Hg~mm. GLC analysis showed no evidence of the alcohol. NMR:
cCi,, 2% TMS, & 0.92 (s, 9H, tbut), 0.8-2.0 (m, 13H nprop + CH,-C-H + OCH,

CH,), 4.1 (g, 3H, OCH,CH, + 0~C-H).

4-Nitrophenyl methyl n-propylphosphonate and Bis 4-nitrophenyl gi
propylphosphonate (NPM and NPN).

To potassium 4~ -nitrophenolate, 2.06 mmol in 5 ml dry benzene, 1.45
mmol methyl n-propylphosphonochloridate in 3 ml benzene was added dropwise
under constant stirring at room temperature. The progress of the reaction
was monitored on TLC, After several days, the supernatant solution was
decanted and the yellow residue was washed with benzene. The KC1l was
filtered out and the benzene was removed at reduced pressure. The pasty
residue was taken up in 15 ml methanol and the insoluble product was
filtered out to give a white powder, mp 132- -400¢, The solid was
recrystallized from ethylacetate-pentane and was identified by Dbase
hydrolysis of an aliquot to two equivalents of p-nitrophenoxide as
monitored at 400 nm (102%) mp 132 133°C.

The methanol was removed from the filtrate and a yellow o0il was ob-

tained, which separated into four components on TLC. The o0il was placed on

a preparative TLC plate and double~developed until MPPP was completely
isolated from other contaminants: TLC: ethylacefate:cyclohexane 3:2,
ethylace:pentane 3:2; Rf: p-nitrophenol, 0.T4; BPPP, 0.64; MPPP, 0.42.
The MPPP product was scraped off the plate and eluted with ethylacetate.

‘Hydrolysis in 1 M NaOH produced 1.05 equivalents of U- -nitrophenolate as

monitored spectroscopically. NMR: CCL,, 2% TMS, § 1.1-2.0 (m, UH CH,CH,),
3.6 (d, 3H, OCH;) J (P~H) = 11 Hz, 7.15 (d, 2H, Ar]l, 6) J2 5 =5 Hz, 8.0 (d,
2H, Ar3,5) Js, 6 = 5 Hz. ’

4-Nitrophenyl (2-propyl) methylphosphonate (IMN)322

To dry potassium Y-nitrophenolate (9.66 mmol) in dry benzene (5 ml),
2-propyl methylphosphonochloridate (10.0 mmol, Aldrich Co., Milwaukee, WI)
in dry benzene (5 ml) was added dropwise with stirring at ambient
temperature. The reaction was left stirring overnight, the potassium
chioride was then filtered and the benzene was removed under reduced
pressure, The syrupy residue was distilled under high vacuum (130-135°C,
0.3 mmHg), Yield=65.9% (6.37 mmol).

NMR(‘H) CCly,2%TMS, & 1.30 (dd,6H,CHMe,) Jy-y=12 Hz, Jp_y=4 Hz, § 1.50
(d, 3H,P-Me) Jp.y=27 Hz, § U.70 (m,1H, CHMeg) 6 7.23 (d,2H,Ar2,6) Jy-y=9 Hz,
§ 8.04 (d,2H Ar3 5).

4-Nitro[ ! ®01phenyl (2-propyl) methylphosphonate

Methanol{!®0]°%a, Trimethyl orthoformate (20 ml) was added to dry
butan-1-01 (55 ml) containing Y-toluenesulfonic acid (100 mg). This mixture
was heated whilie the theoretical amount of methanol was removed by distil-
lation. The remaining solution was distilled under high vacuum to yield
tri~(1-butyl) orthoformate (b.p. 128-130°C, 15 mm Hg). A mixture of tri-(1-
butyl) orthoformate (16 ml) and dry diglyme (10 ml) was stirred under dry
nitrogen as water'®0 (1.0 g, 99.0 atom%, Stohler-XOR batch # B-30641) was
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added followed by dry hydrogen chloride gas (5 ml). This mixture was
distilled immediately through a small Vigreux column. 1-Butyl formate-
carbonyl-!'®0 and butan-1-ol were collected over the range b.p. 107-118°C.
This mixture was added to a cooled solution of lithium aluminium hydride
(2.0 g) in dry diglyme (75 ml); this was left stirring for 30 minutes, when
water (1.45 ml) was added slowly, followed by ethan-1,2-diol (10 ml).
Distillation gave methanol-1'%0 (b. P 64.,5-66.0°C). Yield=2.00 ml (93.0%
based on H,!®p),

4-Nitro['®lanisole?®?®P, Lithium hydride (2.0 g) was added to dry
dimethyl sulfoxide (75 ml) and the suspension was stirred at 70-80°C until
reaction ceased. The solution was allowed to cool to room temperature,
methanol['®0] (2.0 ml) was acded and the solution was stirred for 20
minutes. To this solution was added 1-fluoro-Y-nitrobenzene (5.4 ml); the
mixture was stirred at 50-55°C for 16 hours, cooled, poured into aqueous
tetrahydrofuran (150 ml), and extracted with ether (3 x 150 ml). The
ethereal extracts were washed with saturated brine (2 x 150 ml), and
distilled water (150 ml), dried (MgSOy), and evaporated. The residue was
recrystallized to afford 4-nitro[‘°0]anlsole, in 40.9% yield from methanol.

4-Nitrof ! °0]phenol 3P, Dry pyridinium hydrochloride (8.0 g) was fused
with the labeled anisole (2.95 g) at 180-190°C for 2.5 hours. The reaction
mixture was then allowed to cool to room temperature, when water (40 ml)
was added. The solution was then extracted with ether (2 x 50 ml); the
ethereal extracts were washed with dilute hydrochloric acid (0.1 M, 50 ml),
dried (MgS0y), and evaporated to yield after recrystallization from dry
toluene 1 93 g (71.9%) of pure 4-nitrol!%0]phenol.

Potassium 4-nitro['®0]phenolate*®. To a solution of potassium
hydroxide (1.5 equivalents) in dry methanol (5 ml) was added dropwise a
solution of the labeled phenol (1.93 g) in dry methanol (2 ml); the
resulting crystalline salt was filtered and dried to give a 60.0% yield of
the potassium salt (1.47 g). Concentration of the mother liquor produced
more of the labeled potassium salt.

The labeled inhibitor was produced in 29.8% yield in an analogous
manner to the unlabeled phosphonate.

Enzymes. AChE from Electrophorus electricus was obtained with an
activity of 1,000 mol units/mg (Sigma type V-S) lyophilized powder.
Solutions of AChE from the eel were prepared in 0.1 M phosphate buffer at
pH = 6.9, 46 ng/ml, by dilution of the Sigma lyophilized preparation and
were frozen until use., Reactions were conducted at enzyme concentrations
of 0.0050.01 unit/mL of AChE from the eel and 0.0125 unit/mL of AChE from
human erythrocytes based on the Ellman assay, contained in 50 ul of a stock
solution. The pH was maintained at 7.60 in HOH (0.0065 M KH,POy, 0.0434 M
KZHPOH) AChE from human erythrocytes was obtained with an activity of
1 unit/mg solid (Sigma XIII) and was further purified by affinity
chromatography according to Rosenberry and Scoggins®2. The progression of
enzyme purification was monitored with the Eliman assay. The enzyme
(purified about 20-fold) was stored in 0.01 M phosphate buffer at pH = 7.00
with 0.1% Triton X-100 {(peak fraction; 7-10 unit/ml) and kept frozen until
use., Bovine pancreatic a-chymotrypsin (EC 34.21.1) was obtained from Sigma
Chemical Co. as a salt-free, lyophilized, three times recrystallized powder
with an activity of 52 BTEE units/mg. Bovine pancreatic trypsin (EC
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3.4,21.4) from Sigma Chemical Co.--dialyzed, recrystallized, salt-free
powder with an activity of 7500 BAEE units/mg--was treated by storing
buffered aqueous solutions of it at room temperature for at least 2 hours
to obtain autolytically stable solutions. Elastase (pancreatopeptidase E,
EC 3.4.21.11, from hog pancreas--chromatographically purified, lyophilized,
water~soluble powder with an activity of 90 elastin units/mg) and
subtilisin BPN' (protease nagarse; EC 3.4.21.3; from Baciilus

amyloliquefaciens, crystallized and lyophilized with an activity of 10
tyrosin units/mg) were both obtained from Sigma Chemical Co.

~ Kineties. Rate measurements involved the automated acquisition of
500-1000 data points with one of the Cary spectrophotometers interfaced to
a DEC-Heathkit H-11 microcomputer or with the Perkin Elmer Lambda-7
interfaced to a Zenith Z-100 microcomputer. Reaction temperatures were
controlled by a Lauda KU4/RD circulating bath connected to the cell jacket
of the Cary instruments or by a Peltier system for the Perkin Elmer Lambda-
7 instrument. Temperatures were monitored by a digital thermometer.

Solutions for Kimetics. Corresponding pL in H,0/D50 mixtures was
achieved by use of the same buffer composition throughout. Hp0/Dy0
mixtures were made up by volume from buffer stock solutions in the pure
isotopic solvents. MPN, NPN and IMN solutions were prepared in methanol
freshly for each experiment and an aliquot was hydrolized to one equivalent
of p-nitrophenol for MPN and IMN and to two equivalents of p-nitrophenol
for NPN to determine the actual concentration spectroscopically at 400 nm
PA stock solutions were hydrolyzed to phenol and the liberated phenoxide
ion was measured at 286.9 nm (e 2544 M™! cm !) to verify concentrations.
Nonenzymatic hydrolysis of PA was completely negligible under our
conditions.

General Kinetie Protocol. In a typical kinetic experiment, the
appropriate volume of buffer was equilibrated at 25.00 % 0.05°C (as
monitored with a thermistor probe) in a quartz cuvette in the cell
compartment of the instrument. Substrate and/or .!nhibitor were added from
stock solutions and the absorbance recorded after each injection to monitor
decomposi tion of chromogenic, labile species. The reaction was initiated
with the injection of the enzyme in 20-50 ul volume to bring the total to
1 ml., The total concentration of cosolvents was kept constant at < 5%
(mostly MeOH); any decomposition in the substrate or inhibitor was
monitored and the results discarded or corrected.

Irreversible inhibition of enzymes in the presence of a modifier was
studied under pseudo-first-order conditions with a 20~1000-fold excess of
inhibitor over enzyme concentration to obtain a signal < 10% decomposition
of the substrate. First-order rate constants were calculated by a least-
squares fit of absorbance time coordinates. Substrate-independent, second-
order inhibition constants were calculated by a linear least-squares fit of
the inverse observed rate constants to substrate concentration according to
eq. 17.

ACHE Reactions. In the inhibition experiments, soman and sarin were
injected in 50 ul volume from a 2-5 x 1007 M cold H50 or D,0 (pH=4, HC1)
solution, NPN, MPN and IMN were from a ~10”% M methanolic stock solution
in 40 pl volume, and PA was delivered in 10 yl volume from 0.2-1.0 M
methanolic stock solutions.

105



Remaining AChE activities after inhibition by NPN or MPPN were
determined by initial rates not exceeding 5% consumption of PA. Initial
velocities, AAbs/At, were converted to units of s™! by dividing with 4e =
1356 - 15 = 1340 M ! cn ', Appropriate amounts of buffer to give a total
volume of 1 ml per run were pre-equilibriated at 25°C for 15 minutes. PA
was then introduced in 10~50 pl aliquots from a 0.1 M methanolic stock
solution.

For the substrate reactions, 10 pl PA was delivered from a methanolic
stock solution and mixed; its absorbance was recorded; and then the
reaction was initiated by the introduction of 50 uL of the AChE stock
solution. Initial rates were calculated from the computer~stored data by a
linear least-squares method. Enzyme kinetic parameters, V and V/K were
obtained by linear least-squares fit of the reciprocal rates to the
reciprocal of PA concentration.

Serine Proteases. Stock solutions were made in 107%® M concentration
in pH=4 (HC1) H50 or D, 0 for chymotrypsin and trypsin, in pH=7.0 phosphate
buffer for subtlllsin BPN' and in pH=5.0 acetate buffer for elastase. A 50
pl aliquot of the enzyme stock solution was injected to start a kinetic
run. The buffers used for kinetic measurements were: 0.05 M phosphate, pH =
7.4, pD = 7.9 for chymotrypsin and 0.05 - 0.1 M trizma pH = 8.4, pD = 8.9
for trypsin, elastase and subtilisin. Soman was used in a 50 pul volume
from 10" %-10"* cold, pH = 4.0 stock solutions. NPN and MPN were introduced
from ~10" 2 methanolic stock solutions in 40 ul volume. Substrate solutions
were prepared in 10 3 M stock solutions with 10% acetone or acetonitrile
cosolvent at pH < 7.0 (NaOH) and used in 0.1-0.5 ml volume in a kinetic
run.

Direct measurements of inhibition of chymotrypsin, elastase, and
subtilisin by MPN were conducted under zero order conditions, the release
of U-nitrophenol was monitored at 400 nm, and data were fit to a linear
dependence on time by linear least squares. Second-order rate constants
were calculated from:

ko = (8Abs/6t)/[EglLI]ée

where Eg = initial concentration of the enzyme
I0 = jnitial concentration of the inhibitor
and e (40O nm); 6.33 x 103 M ' em ! pH = 6.90

17.0 x 10> M ' em ', pH = 8.40%3

The inhibition of trypsin by NPN was studied under pseudo-first-order
conditions with trypsin in > 20-fold excess. The inhibitions by soman and
NPN were studied in the presence of 5 x 107° to 5 x 10°* M GLP with
chymotrypsin and subtilisin BPN' and in the presence of N~succinyl~Ala—Ala-
Ala-lU-nitroanilide with elas’ 4e, both at 390 nm. Aliquots of the substrate
solutions were also hydroliz.d to U-nitroanilide and read at 390 nm (e
11,520).
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Experiments for the Aging and Spontaneous Reactivation of 2-Propyl
Methylphosphonyl-AChE (Electric Eel) In each of two 1 ml volumetric
flasks,” 10 units (107!'! mol) AChE from electric eel contained in 50 pl,
pH 10.0, 0.1 M TAPS buffer was incubated at 37.UC° for at least 30 minutes.
One of these, the test solution, also contained 2 ul of a 107* M (2 x 1071°
mol) sarin solution. The hydrolysis rate of sarin at pH 10.0 has kqypg =
0.054 s7'; t; /5 = 2 minutes; thus 99.9 % of the sarin added is destroyed in
30 minutes., .Both test solution and control were diluted to 1 ml with the
buffer used for aging and were placed back in the incubator at 37.4°C. The
buffer was made in 350 or D0 to contain 0.115 M KH,POy, 0.052 M KyHPOy,
0.1% gelatin, and C.0T% MgCl,, Sampling for the time course of spontaneous
reactivation and aging began immediately and was continued at 20-40 minute
intervals for 8 hours. At each time, two aliquots of 20 ul of each
solution were drawn. One of these was incubated for 20 minutes with 100 nl
ot 1 mM TMBY solution in a pH = 7.7, 0.05 M phosphate buffer, which had
also been preincubated in a1 cm cuvette. To this solution was added 880
ul, pH 7.7, 0.05 M phosphate buffer and it was allowed to equilibrate for
another 10 minutes before it was assayed. The other aliquot was added
directly to 980 pl, pH 7.7, 0.05 M phosphate buffer that had been
preequilibrated at 37°C in a cuvette. The Ellman assay was carried out by
injecting 30 ul 0.01 M dithiobisnitrobenzoate (DTNB) solution and 20 pl,
0.05 M ACTCh solution into the cuvette. Initial velocities were recorded
for the first < 5% of the substrate reaction. The correction for the TMBY
reaction with the substrate was 0,21 0D/min, less than 10% of the rate of
the reaction with the uninhibited enzyme. This correction was applied to
all measurements for reactivation; then the rates were factored to correct
for the inhibition of AChE activity as measured in the Ellman assay.

Experiments for the Nucleophilic Reactivation of ZJPropyi
Methylphosphonyl~-AChE (Electric eel). AChE, ~7~8 units (7-8 pmol),
dissolved in 50 ul, pH 10.0, 0.1 M TAPS buffer, was inhibited with 5ul 107"
(500 pmol) sarin solution and was incubated for ! hour at 25°C. A 25-fold
dilution of aliquots of this solution into pH 7.65, 0.05 M phosphate
buffer, pH 7.65 in HOH, pD 8.15 in DOD, was performed and the solution was
reincubated at 25°C for 15 minutes before TMBU was introduced into the
reaction mixture in 10 ul volume. The most feasible concentration range for
following the kinetics of reactivation was 2-8 x 10°°% M for TMB4. Aliquots
of 20 ul were drawn from the reaction mixture as a function of time for
assay with the El1lman reagent. In the assay mixture, 3 x 10 * M DTNB and
10~ ® M ACTCh were used in a pH 7.65, 0.05 M phosphate buffer.

GLC Experiments Separation of isopropanol and its methyl ether from
other components was accomplished by the injection of 0.5 pl samples of the
supernatant of the reaction mixtures into the Porapak Q column at 120°¢C
followed by ramping to 140°C (2°C/min) at t = 5 minutes, then to 200°C
(109C/min) at 15 minutes. The N, carrier gas flow was 20 ml/minute and
the elution times were as follows: MeOH, 2 minutes; iPrOH, 7 minutes;
iProMe, 9 minutes. Separation was also attained on an FFAP column at 30°C
with ramping to 200°C (20°C/min) at t = 10 minutes with the following
retention times: iPrOMe, 0.7 minutes; iPr0GH and MeOH, 3 minutesy
phosphonates, 16 minutes,

Separation of pinacolyl alcohol and its methyl ether from other com-

ponents was accomplished by injection of 1 pl samples of the supernatant
(filtered through a nylon millipore filter) into the FFAP column. Elution
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with the N, carrier gas (20 ml/min) began at 25°C and was subsequently
ramped to 200°C (20°C/min) at t = 18 minutes. The retention times were as
follows: MeOpinacolate, 1.5 minutes; MeOH, 3.5 minutes; pinacolyl aleohol,
14 minutes; phosphonates, 27 minutes.
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